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A b stract
Multiple quantum well lasers based on the IH-V compound semiconductor indium phosphide 
were studied in this thesis. Systematic investigations were carried out on the effects of 
quantisation and strain on the temperature sensitivity of threshold current, modulation 
properties, external cavity operation and the ’gain lever' effect. Trends in the temperature 
sensitivity of threshold current for lasers of various lengths and quantum well numbers can be 
understood in terms of the nonlinear gain-current density relation. However, compared to bulk 
active region devices there was no significant improvement. It is unclear at present whether this 
is due to the temperature sensitivity of optical gain or Auger recombination. Relative intensity 
noise measurements were used to compare the modulation properties of lattice-matched and 
strained MQW lasers. This method gives an estimate of the differential gain and was used to 
study the properties of devices which were unsuitable for high speed applications. These 
measurements showed that gain saturation and earner transport effects may be significant in 
certain laser structures. Band-filling effects due to the reduced volume and modified density of 
states were utilised in the demonstration of a grating external cavity laser operating across the
1.3 Jim optical fibre window. This configuration results in single-mode operation across the 
gain spectrum of the laser. High output power was exhibited across a wide tuning range. The 
'gain lever' effect uses the nonlinear gain-current density relation to enhance the amplitude 
modulation efficiency and the signal-to-noise-ratio. MQW and bulk devices of different length 
and split ratio were compared. It was seen experimentally and numerically that the nonlinearity 
causing this effect also increases the distortion. Finally, it is discussed that further 
modifications to laser properties may be seen in active regions incorporating quantum wires 
and boxes.
Could be..
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C h ap ter 1; Introduction
1.1 Background
Semiconductor lasers are everywhere. They can be found at the bottom of the ocean in long- 
haul telecommunications systems, in orbit around the earth in remote sensing apparatus, in 
domestic living rooms and cars within compact disc players and even strapped around joggers' 
waists inside personal stereos!
Laser action in a semiconductor was first reported almost simultaneously by four groups in 
September and October 1962 [1-4]. All lasers were fabricated from the IH-V compound 
semiconductor gallium arsenide (GaAs). Further advances over the next few years converted 
the semiconductor laser from a laboratory curiosity to a practical, coherent light source having 
numerous functions. Development was spurred on by military funding and commercial 
applications resulting today in a multibillion dollar industry.
The technological progress of semiconductor lasers had received considerable impetus in 1966 
due to a paper by Kao and Hockham [5] which suggested that an optical fibre made from silica 
might have potentially low loss to permit long distance transmission. Further work showed that 
the transmission wavelengths for the lowest loss and signal dispersion were 1.55 pm [6] and
1.3 pm [7] respectively. These particular wavelengths can be achieved with semiconductor 
lasers fabricated from indium phosphide (InP), another III-V compound, and its associated 
ternaries and quaternaries which can incorporate gallium, arsenic and aluminium. Several 
excellent textbooks have been written on semiconductor lasers [8-13]. The reader is referred 
to these for more details on the physics and technology of these devices.
This thesis is concerned with quantum well lasers based on InP designed for use in optical 
fibre telecommunications systems. The background physics and definitions required by 
chapters 2 to 5 and the appendices are defined in the rest of this chapter. These details can be
1
found in the textbooks referenced above but the important features which are relevant to this 
thesis are presented here. Section 1.2 outlines the physics of double heterostructure and 
quantum well lasers. Further modifications to the physical properties can be observed by 
deliberately incorporating strain into the crystal structure as described in section 1.3. Finally, 
the structure of this thesis is described in section 1.5.
1.2 Semiconductor Laser Basics
1.2.1 Double Heterostructures
A semiconductor laser is a p-n junction through which an electric current flows in the forward 
direction of the diode. Semiconductor lasers are therefore also referred to as diode lasers. In 
so-called "double heterostructure" lasers, an active region with lower bandgap is sandwiched 
between the p- and n-layers. In this active region, the electrons in the conduction band 
recombine with holes in the valence band. The difference in energy between these two bands is 
the bandgap. In order to make laser sources which emit in the range 1.3 pm - 1.55 pm, it is 
necessary to choose materials with the appropriate bandgaps (0.95 eV - 0.8 eV), and to ensure 
that these materials can be lattice-matched to wider-gap semiconductors in order to form strain- 
free heterostructures. The InxGai.xAsyPi_y system spans the wavelength range from 0.92 pm 
(InP) to 1.67 pm (InGaAs) and the ternary and quaternary alloys can be epitaxially grown on 
InP substrates. Consequently, most of the semiconductor lasers in optical fibre 
telecommunications systems are fabricated from this material system.
The epitaxial layers of the double heterostructure laser help to improve its performance over 
that of a homostructure, which was employed in the earliest semiconductor lasers, in two 
ways. The presence of a lower bandgap in the active layer than in the cladding implies that once 
the electrons and holes have reached the active layer, they are trapped in the potential well 
created by the potential barriers due to the bandgap differences. Thus, the electrons and holes
2
are confined within the active region where they recombine. In addition, the active layer possesses 
a higher refrective index than the cladding layers due to its lower bandgap. For example, 
InGaAsP with a bandgap corresponding to a wavelength (Xg) of 1.55 pm has refractive index 
of 3.57 compared to 3.17 for InP cladding layers at this wavelength [14]. Consequently, a 
dielectric waveguide is formed which helps confine the optical field to the active region. In 
order to produce an optical field distribution suitable for coupling to optical fibres, it is usual to 
design the double heterostructure to propagate only the fundamental transverse mode. This 
mode can exist in two polarisations: one with the electric field normal to the direction of 
propagation (transverse electric - TE polarisation) and the other with the magnetic field normal 
to the propagation direction (transverse magnetic - TM polarisation). A key waveguide 
parameter in laser design is the optical confinement factor, T, which is the fraction of the 
optical field propagating in the active region:
JIEI2 dx
P active  j j
oo
J IEI2 dx
-  O O
Typical active region widths in InGaAsP/InP lasers operating in the fundamental optical mode 
are in the range 0.1 pm - 0.2 pm giving values for T of around 0.3. A schematic diagram of an 
InGaAsP/InP double heterostructure laser with bandgap, refractive index and optical field 
profile is shown in figure 1.1. Such lasers are conventionally termed bulk active region devices 
to differentiate them from the quantum well structures described in the next section.
3
(d)
(c)
conduction band I
valence band ______
(b)
n-InP InGaAsP p-InP
(a)
Figure 1.1: The InGaAsPUnP double heterostructure
(a) layer structure
(b) band diagram
(c) refractive index profile
(d) optical field distribution
1.2.2 Quantum Wells
When the thickness of the active region of a semiconductor laser (or any lower bandgap layer 
confined between higher bandgap layers) becomes comparable to the de Broglie wavelength of 
an electron in the crystal (<150 A), quantum mechanical effects are observed. These quantum- 
size effects arise from the confinement of carriers to the finite potential wells formed by the 
conduction and valence band edges. This situation is the classic elementary quantum 
mechanical problem of "a particle in a one dimensional box" [15]. The continuum of energy 
states in bulk material becomes split into discrete energy levels in the direction perpendicular to
4
the plane of the quantum well. In the limiting case of an infinitely deep well, the energy levels 
relative to the bottom of the conduction and valence band quantum wells are:
c^n.vn =  ft2 (B E f2 m e ff [ L z  j ( 1*2)
where ft is Planck's constant over 2tc, m^f is the effective mass of the electron or hole in the 
quantum well and Lz is the well width. The lowest energy level occurs above the bottom of the 
well as illustrated schematically in figure 1.2.
Conduction Band
T
i
'cl
j BULK 
"g
'vl
Valence Band
Figure 1.2: Schematic diagram of the lowest confined energy levels of electrons and holes in a 
quantum well.
Thus the bandgap of the quantum well is increased with respect to bulk material of the same 
composition:
EgQW = EgBULK + Eel + Evi (1.3)
Figure 1.3 graphs the calculated bandgap wavelength against well width for an InGaAs 
quantum well (A,g=1.67 |im) sandwiched between InP (Xg=0.92 |im) barrier layers. For 
emission at 1.55 fim at the low loss window of silica optical fibres, a well width of around
5
90 A is required. The figure illustrates that the emission wavelength of a quantum well laser 
can be 'tuned' by simply altering the well width.
Quantum Well Width (A)
Figure 1.3: Bandgap versus quantum well width for a lattice-matched InGaAs quantum well 
sandwiched between InP barrier layers. The dashed line represents the bulk material 
bandgap of InGaAs.
By its very nature, a quantum well is much thinner than a bulk active region. A single 90 A 
InGaAs well surrounded by InP has an optical confinement factor of around 0.01 compared to 
typical bulk values of around 0.3. To increase T, multiple quantum wells (MQWs) can be 
grown within barriers of a material with an intermediate refractive index e.g. InGaAsP with a 
bandgap of 1.3 pm. Typically, the width of the layer between the InP cladding and first and 
last well in the MQW stack is adjusted to maximise T. Such a stucture is termed a separate 
confinement heterostructure (SCH) or, if there are several intermediate layers, a graded index 
separate confinement heterostructure (GRINSCH). The refractive index profiles of these 
structures are shown in figure 1.4. The motivation to maximise T in quantum well lasers is 
given in section 1.2.5.
6
well 
SCH 
cladding
(a) (b)
Figure 1.4: Refractive index profile of a 4-well MQW stack demonstrating
(a) SCH (b) GRINSCH
GRINSCHj- T  ^
1.2.3 Density of States
P(e) P(e)
(a) (b)
Figure 1 5 : Schematic representation of the density of states for (a) bulk semiconductor
(b) a quantum well.
It was stated above that the energy and motion of carriers in a quantum well is quantised for the 
components perpendicular to the well. In directions parallel to the hetero-interfaces, the carriers 
are free to move. This implies that the density of states, p(e), for the carriers, i.e. the number 
of electronic states per unit volume having energies in the range e to e+d£, will be that of a two 
dimensional system rather than in three dimensions as in bulk material. Figure 1.5 is a 
schematic representation of the density of states in quantum well and bulk material. Bulk 
material exhibits the conventional parabolic dispersion [16] whereas the two-dimensional 
situation is characterised by a "staircase" structure with each step occurring as a new subband
7
is reached. These steps correspond to the discrete energy levels, the first of which is shown in 
figure 1.2.
1.2.4 Radiative and Nonradiative Recombination
T
(a) (b) (c) (d)
Figure 1.6: Recombination processes:
(a) absorption and induced emission
(b) spontaneous emission
(c) and (d) Auger recombination
Efficient electroluminescence and low-threshold lasing requires the dominance of radiative over 
nonradiative recombination between electrons and holes. The recombination processes to be 
considered here are shown in figure 1.6 for transitions between an upper energy level Ei, the 
conduction band, and a lower energy level Ej, the valence band. Both sets of energy states are 
assumed to be in quasi-equilibrium with quasi-Fermi levels Fy . Figure 1.6(a) shows 
absorption of a photon of energy E (Ej - Ej by energy conservation) and the inverse process, 
induced emission of a photon of the same energy. The term ’stimulated emission' is reserved 
for the net downward transition rate, i.e. induced emission minus absorption. For a positive 
stimulated emission rate, the requirement is [17]:
8
Fi - Fj >  E (1.4)
This is a necessary, but not sufficient, condition for laser action in semiconductors. In order to 
achieve lasing, the stimulated emission rate must be sufficient in magnitude to overcome 
various loss mechanisms in the device which will be described in the next section.
The process of figure 1.6(b) is that of spontaneous emission of a photon of energy E. 
Spontaneous emission requires an electron in the conduction band and a hole in the valence 
band thus the total spontaneous emission rate Rsp is proportional to the product of the electron 
concentration n in the upper energy levels with the hole concentration p in the lower levels:
Rsp = Bnp (1.5)
where B is a constant of order 10-10 cm V 1 in InP at room temperature.
Two versions of a nonradiative recombination mechanism known as the Auger effect, which is 
described in chapter 2, are illustrated in figures 1.6(c) and (d). The first of these shows two 
electrons colliding in the conduction band with the final state being in the valence band with the 
second involving the collision of a conduction-band electron and a low energy hole. Hence:
RAugl =  Cin2p RAug2 =  C2np2 (1.6)
where can be combined to give a total Auger coefficient C which is of the order 
10-29 cm^s-1.
Spontaneous emission and Auger recombination can be lumped together as a single 
recombination rate characterised by a differential recombination lifetime xe« For the case of 
undoped material where n=p:
9
Te = (2Bn + 3Cn2)-! (1.7)
For example, at a carrier concentration of n=2xl018 cm-1 (typical for lasing threshold), with 
B=lxlO-10 cm V 1 and C=3xl0"29 cm6s_1, the lifetime Te is about 1 ns.
If the quantum mechanics of the radiative and nonradiative transitions shown in figure 1.6 are 
considered then it can be shown that both energy and wavevector (or quasi-momentum) k must 
be conserved. This is illustrated in the radiative process in figure 1.7(a) for a direct transition 
between parabolic conduction and valence bands. In this conventional E-k band diagram, the 
radiative transition is a vertical line. Thus k-conservation implies the requirement for direct 
bandgap semiconductors such as gallium arsenide or indium phosphide. For an indirect 
semiconductor, such as silicon or germanium, where the valence-band maximum occurs at a 
different k from the conduction band minimum, the excess wavevector in a radiative transition 
must be accounted for by the participation of a phonon. Since phonon-assisted radiative 
processes occur with much lower probability than direct recombination, indirect 
semiconductors are not suitable laser materials.
conduction band 
Energy, E
F i g u r e  1.7: (a) simplified b a n d  structure s h o w i n g  radiative transition b e t w e e n  p a r a b o l i c  b a n d s
(b) realistic b a n d  structure o f b u l k f f l - V  s e m i c o n d u c t o r
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The realistic, but still highly schematic, band structure of a typical bulk III-V semiconductor 
such as GaAs or InP is depicted in figure 1.7(b). The valence band consists of heavy and light 
hole bands which are degenerate at the Brillouin zone centre (k=0) and a spin split-off band at 
lower energy. Close to the zone centre, the bands are approximately parabolic, i.e. E oc k2, and 
this simple model of band structure can be used in calculations describing the behaviour of 
semiconductor lasers.
Quantum mechanical selection rules state that radiative recombination between electrons and 
heavy and light holes tends to result in emission of photons of TE and TM polarisation 
respectively [18]. Therefore, in bulk material, since the top of the light and heavy hole bands 
are degenerate, spontaneous emission from states at around the band edge consists of equal 
amounts of TE- and TM-polarised light. However, it can be seen from equation (1.2) that due 
to their different effective masses, the light and heavy hole valence band energy levels are no 
longer degenerate in quantum well structures. Consequently, the electron-heavy hole and 
electron-light hole radiative recombination will result in emission at different wavelengths as 
well as different polarisation. Hence, the spontaneous emission spectra will have two peaks 
with the longer wavelength peak polarised in the TE mode while the shorter one will be TM. 
This phenomenon has been observed many times in quantum well lasers [18-23].
1.2.5 Optical Gain and Loss
As the optical field propagates along the active region of the laser, it can experience gain by the 
mechanisms described in the previous section. The gain available from the active region is 
known as material gain. However, only the fraction of the field propagating in the active region 
experiences the material gain. This diluted gain is termed 'net optical gain' and is defined by:
Gnet= rgmat (1*8)
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where gmat is the material gain. This equation explains the motivation for SCH and GRINSCH 
MQWs in order to maximise T  and therefore the net optical gain. Hence:
G ^ W = Nwr wgw (1.9)
net
where Nw is the number of wells, rw is the optical confinement factor per well and gw is the 
material gain per well.
Optical gain per unit length is a function of carrier density, n, in the active region which in turn 
is related to the injected current, I, by:
I = e (Lwt) (Bn2 + Cn3) (1.10)
where e is the electronic charge, L,w and t are the active length, width and thickness 
respectively and B and C are the radiative and Auger coefficients defined above. A term A^n is 
often included within the second brackets which accounts for non-radiative recombination of 
electrons or holes at defects in the active region but in good quality material the contribution is 
negligible when compared to the other terms. In addition, it is more general in calculations to 
express the injected current in terms of current density J, defined as the injected current per unit 
area giving:
J = et (Bn2 + Cn3) ( l . H )
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Figure 1.8: Calculated peak material gain versus injected current density for:
(a) bulklnGaAsP of bandgap corresponding to a wavelength of 155 pm,
(b) 80 A InGaAs single quantum well.
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Figure 1.8 depicts the calculated peak optical gain with injected current density for (a) bulk 
InGaAsP with bandgap corresponding to a wavelength of 1.55 jim, and (b) a single 80 A 
InGaAs quantum well between InGaAsP (?ig=1.3 (im) barriers. The data in figure 1.8(a) were 
calculated using the analytic method of Osrnski and Adams [24] incorporating an 
approximation due to Unger [25]. Figure 1.8(b) was computed using the method of Asada 
et al [26] and assumes recombination between the conduction band and heavy hole band only. 
Values of lxlO-10 cm^s-1 and 3xl0*29 cm^s-1 were used for B and C respectively in both 
calculations even though they may be different in bulk and quantum well structures since the 
main purpose of figure 1.8 is to show the difference in the form of the two graphs. Whereas 
for bulk material the gain is approximately linear with increasing carrier density, for a quantum 
well there is a sublinear dependence. This sublinearity can be approximated by logarithmic 
function, the two simplest, and equivalent, forms of which are [27]:
g(J) =  G0ln(J/Jlr) (1.12)
g(J) =  G0(l + ln(J/Jo)) (1.13)
Jtr is the carrier density at transparency (with a corresponding transparency carrier density ntr) - 
defined as the point where the material gain is equal to zero. G0 and J0 are constants which can 
be calculated and depend on such parameters as well width, well composition and doping. The 
physical reason behind the gain saturation is related to the constant density of states of the 
lowest subband of the quantum well.
The slope of these curves is proportional to the differential gain which, as will be explained in 
later chapters of this thesis, is an important parameter in determining various physical 
charateristics of semiconductor lasers. It can clearly be seen from these plots that while this 
parameter does not depend on carrier density in bulk material, in a quantum well laser it can 
depend on the operating point on this curve of a particular device.
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Optical losses occur by emission from the end facets of the laser and by absorption or 
scattering as the light propagates along the laser cavity, denoted by a m and oq respectively. 
The main intracavity loss mechanisms are free carrier absorption due to the high densities of 
electrons and holes, and intervalence band absorption (IVBA), described in chapter 2, in which 
a photon is absorbed in a transition between the spin split-off band and the heavy hole band.
1.2.6 Threshold and Efficiency 
R i
gain, g loss aj
(a)
R
A A A A
R 2
A A A A
(b)
cladding
active layer
waveguide layer 
cladding
(c)
Figure 1.9: Laser cavities
(a) Fabry-Perot (FP)
(b) Distributed Bragg reflector (DBR)
(c) Distributed feedback (DFB)
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Threshold is achieved by the use of optical feedback. In simple laser structures, this is 
provided by reflections at the semiconductor-air interface at each end of the cavity, the mirror 
refectivity for uncoated cleaved laser facets being approximately 30 %. A device of this type is 
known as a Fabry-Perot (FP) laser (figure 1.9(a)). Many longitudinal optical modes can be 
supported in such a device since the optical gain spectrum of the laser may be much broader 
than the spectral width of each FP cavity mode. Feedback can also be obtained from a 
reflection grating to achieve single longitudinal mode operation. When incorporated into the 
semiconductor chip this results in distributed feedback (DFB) or distributed Bragg reflector 
(DBR) devices (figure 1.9(b) and (c)). The grating can also be a discrete component giving rise 
to an external cavity laser (Chapter 4).
Threshold occurs when the net optical gain exactly balances the sum of the mirror and cavity 
losses:
r  gth — oq + ocm (1.14)
Consequently, threshold current density and carrier density can be defined:
Jth = et (B n ^  + C n ^) (1.15)
By combining equations (1.13) and (1.14) and expressing the result in terms of threshold 
current gives, for an FP quantum well laser:
Ith =  Lw.J0.exp tXi + l/2L.ln(l/RiR2)ro0 -1 (1.16)
in which the following expression has been substituted for the distributed mirror loss from the 
facets of an FP laser cavity:
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“ m -  2L ln (R1R2) (1.17)
where L is the cavity length and Ri and R2  are the facet reflectivities . An analogous result can 
be derived for the bulk case [12],
Output Power, P
threshold Current, I 
current,
Ith
Figure 1 JO: Schematic light-outputlcurrent characteristic
The light-current characteristic for a semiconductor laser is shown schematically in figure 1.10. 
The slope above threshold is defined as the measured external efficiency Tim. Expressions for 
output power in terms of injection current, efficiency and loss can be found in Appendix B 
which describes the calculation of internal loss from measured external efficiency.
1.3 Strained-Layer Quantum Wells
1.3.1 Valence Band Engineering
In 1986, Adams [28] suggested that if the active region of a semiconductor laser was 
intentionally mismatched with respect to the crystal substrate then certain performance
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improvements could be expected. Yablonovitch and Kane [29, 30] also calculated that an 
intentionally strained semiconductor should exhibit better lasing characteristics as the 
incorporation of strain into a 1II-V semiconductor can have dramatic effects on the valence 
band. The extent of these effects is determined by the amount and type of strain, hence the term 
'valence band engineering'. The main effects of strain on the properties of quantum wells are 
outlined here and a complete description can be found in reference 13.
conduction band
1 Eg
valence band
(a) (b)
Figure 1.11: Simplified band structure of (a) a typical IIl-V semiconductor (b) an idealised 
semiconductor with equal effective masses in the conduction and valence bands.
In a typical ni-V bulk semiconductor, the conduction and valence band effective masses are 
asymmetric resulting in inefficient use of injected carriers. In the ideal case, the conduction and 
valence bands would be symmetric. Such a situation is depicted in figure 1.11 which shows 
simplified band structures of a typical and an idealised semiconductor. A laser fabricated from 
an ideal semiconductor would achieve threshold gain at a lower injected carrier density 
assuming charge neutrality.
In a semiconductor laser with a strained bulk active layer, the heavy hole and light hole band 
degeneracy at the bandgap, mentioned in section 1.2.4 is lifted. Under compressive strain, the 
heavy hole band is lifted above the light hole band and the bandgap increases whereas the 
opposite occurs when the active region is placed under tension. This results in TE and TM 
polarised emission for compressive and tensile strain respectively from the selection rules 
stated in section 1.2.4 [18]. In addition, the heavy hole effective mass is reduced in the plane
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of the active region. By reducing the effective mass of the holes at the top of the valence band 
or raising the light hole band above the heavy hole band, the idealised semiconductor band 
structure shown in figure 1.11(b) can be approached [31]. Modification of the valence band 
structure can also reduce nonradiative phenomena such as intervalence band absorption (TVBA) 
and Auger recombination which should decrease the temperature sensitivity of the threshold 
current. This will be discussed in chapter 2.
When considering strained quantum wells, the physics describing the lattice-matched case has 
to be taken into account. A lattice-matched InGaAs quantum well sandwiched between 
InGaAsP (A,g=1.3 pm) barriers has to be -80  A thick for emission at 1.55 pm. This width has 
to be narrowed to -25  A or broadened to -120A for 1% compressive and 1% tensile strained 
InGaAs wells respectively due to the effect of strain on the material bandgap. Whereas for 
compressive strain, the gain spectra show two peaks with the longer wavelength one being 
polarised in the TE mode like the lattice-matched situation described in section 1.2.4 [32], 
tensile strained devices lase in the TM mode [31, 33]. Therefore, tensile strained quantum 
wells provide experimental evidence for the light hole band being uppermost in the valence 
band. In addition, strained MQW lasers have exhibited reduced threshold currents compared to 
equivalent lattice-matched structures [34] also indicating that the band structure has been 
modified as depicted in figure 1.11.
It may be expected that for a quantum well of the appropriate strain and width, the valence 
bands will become degenerate as for bulk lattice-matched material, leading to the realisation of a 
polarisation-insensitive MQW optical amplifier. However, Houng et al [35] have shown that 
this situation will not occur. As the two valence bands approach, they couple strongly and the 
bandgap becomes indirect thus inhibiting radiative emission. However, polarisation-insensitive 
gain has been demonstrated at both 1.3 pm [36] and 1.5 pm [37] with a strained MQW stack 
incorporating both tensile strained wells to provide the TM gain and compressively strained 
wells to provide the TE gain.
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1 .3 .2  G row th o f S train ed  L a y e rs
There exists a critical layer thickness limit, which can be calculated, beyond which individual 
strained layers cannot be grown without relaxation in the form of a network of dislocations 
[38]. These misfit dislocations will seriously degrade the performance of the semiconductor 
laser. This initially implies that structures with large numbers of strained quantum wells cannot 
be grown. However, it has been suggested [39] that if the barriers are strained in the opposite 
sense to the wells then this limitation can be overcome. This process is known as ’strain 
compensation'.
The net lattice mismatch of an MQW stack is given by [40]:
mw+b =  Z Z Z ' h  (1.18)
where m is the lattice mismatch of the layer relative to the substrate, t is the layer thickness and 
w and b represent the well and barrier respectively. Each individual layer must be below its 
critical thickness limit. In addition, the total thickness of the MQW stack must be less than the 
critical thickness for the average mismatch of that stack. For the special case of zero-net-strain, 
the numerator of the above equation is equal to zero. There have been many reports of strain 
compensation in laser structures and devices with up to 16 strain-compensated quantum wells 
have been demonstrated [41 - 43].
1.3.3 Composition of Strained Quantum Wells
Lattice-matched InP-based quantum wells for emission at 1.55 pm are generally composed of 
the ternary alloy indium-gallium arsenide (InGaAs) which has a bulk bandgap of 1.67 pm. 
Therefore, it was natural that the first strained quantum well lasers at 1.55 pm would also
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employ InGaAs wells. However, as stated above, compressively strained InGaAs wells have 
to be narrower than lattice-matched wells. Consequently, for the same number of quantum 
wells and assuming that refractive index is independent of strain, a compressively strained 
structure will have a lower optical confinement factor. This may be unsatisfactory in certain 
experimental situations when comparing results from strained and lattice-matched lasers.
Compressively strained quantum wells may be fabricated with widths comparable to lattice- 
matched structures by employing strained InGaAsP wells [44]. The addition of phosphorus to 
the well material enables the growth of a strained quaternary alloy with a bulk bandgap similar 
to that of unstrained InGaAs. Therefore, strained structures with layer thicknesses, and hence 
optical confinement factors, comparable those of lattice-matched lasers may be grown.
1.4 Laser Active Region Structures Studied in this Thesis
Lasers with a wide variety of bulk and lattice-matched and compressively strained MQW active 
regions are studied in this thesis. A complete description of these is given in Appendix A.
1.5 Structure of this Thesis
This chapter has summarised the physics of lattice-matched and strained quantum well lasers to 
explain why they can exhibit fundamentally different properties to bulk active region devices. 
Within this thesis, chapters 2 and 3 are concerned with the physics of quantum wells while 
chapters 4 and 5 describe two applications. A systematic study of the temperature sensitivity of 
the threshold current of lattice-matched and strained MQW lasers is carried out in chapter 2, 
showing the significance of the number of quantum wells and device length. The effects of 
device structure are again demonstrated in chapter 3 which presents relative intensity noise 
(RIN) measurements. Chapter 4 describes the design and experimental results for an MQW
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external cavity laser operating at 1.3 pm. This device utilises the enhanced band-filling which 
can occur in quantum well structures due to the modification of the density of states and a 
volume effect since quantum wells are much thinner than bulk active regions. In chapter 5, a 
comprehensive study of the so-called 'gain-lever' effect is carried out. The non-linear gain- 
current characteristic of quantum well structures calculated in figure 1.8(b) is used to 
demonstrate improved dynamic properties. Finally, in chapter 6, the conclusions and 
suggestions for further work are given.
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Chapter 2: The Characteristic Temperature of Lattice-Matched and Strained 
InGaAsP/InP MQW Lasers emitting at 1.55 pm
2.1 Introduction
Optical transmitters used in telecommunications systems are often located in environmentally 
controlled sites where high temperatures are not ordinarily experienced. A growing number 
of optical transmitters, however, are now being installed in the field, either at remote sites 
along network transmission lines or between exchanges and customer premises. Remote sites 
are not usually environmentally controlled, and, as a result, optical transmitters at these sites 
can experience temperatures up to 85 °C [1].
The operating characteristics of traditional communications lasers designed for use at 
temperatures around 25 °C tend to vary widely at elevated operating temperatures. Because 
of this, maintaining optical-transmitter operation within desired parameters at high 
temperatures is difficult. Development of a stable uncooled laser usable at high temperatures 
eliminates the design requirement for maintenance of low operating temperatures. Such a 
device would be important in applications in which space and electrical-power capacity are 
limited.
Conventional laser transmitter packages use thermoelectric coolers to stabilise performance 
at high temperatures. Thermoelectric coolers, however, tend to be inefficient - typically 
requiring 4 W of electrical power for each watt of thermal power removed [1]. Although not 
a problem in a telephone exchange, generating the extra power needed by the laser cooler can 
be a problem at a remote site.
Thermoelectric coolers also have limited cooling capacity. As a rule, they can lower the 
temperature of a device by as much as 45 °C. This means that a transmitter, operating at an 
ambient temperature of 80 °C but with a design specification of 25 °C cannot be cooled
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adequately with a single thermoelectric cooler. A two-stage cooler could provide the needed 
cooling but requires four to five times the space and electrical power. The solution to this 
problem is to develop an uncooled laser which can operate satisfactorily at 80 °C.
Semiconductor lasers in the InGaAsP quaternary material system exhibit greater temperature 
sensitivity than those fabricated from AlGaAs. This is of great technological importance and 
limits their performance under high temperature operation as explained above. Furthermore, 
under continuous current injection operation at room temperature, the maximum power 
emitted by these lasers is limited by a thermal runaway process: more and more current is 
required to offset the effect of internal temperature increase and this in turn increases the 
temperature. Because of these practical considerations, a considerable amount of work has 
been carried out to study the higher temperature sensitivity of InGaAsP/InP lasers [2].
In this chapter, a systematic empirical study of the temperature sensitivity of the threshold 
current of lattice-matched and strained MQW InGaAsP/InP lasers emitting at 1.55 pm is 
carried out. The definition of the characteristic temperature, T0, is given in section 2.2. This 
is followed by an explanation of the causes of the temperature sensitivity of bulk active 
region and MQW semiconductor lasers. The apparatus used to obtain all the measurements 
for this chapter is described in section 2,3, All the experimental results are presented in 
section 2.4. Both bulk and MQW lasers are studied to give a complete picture. Ridge 
waveguide and buried heterostructure devices (see Appendix A) are compared since each 
may be appropriate for many applications. Data on novel strained layer laser structures are 
included. The effect of high reflectivity facet coatings on T0 is also studied. These results are 
then qualitatively analysed in terms of the current theories of the effects of temperature on 
the properties of InP-based semiconductor lasers.
27
2.2 Background Theory
2.2.1 Definition of the Characteristic Temperature, T0
The threshold current of semiconductor laser diodes has been found experimentally to vary 
exponentially with temperature. This temperature sensitivity is quantified by a characteristic 
temperature, T0, which is defined by the following empirical relationship [3]:
Ith(T) = lo ®XP t- (2.1)
A lower T0 implies that the threshold current increases more rapidly with increasing 
temperature. Typical values of T0 for InP-based bulk active region lasers near room 
temperature lie in the range 50 K to 70 K [2]. Possible explanations for the temperature 
sensitivity are discussed in the following sections.
2.2.2 Lasers with Bulk InGaAsP Active Regions
Considerable controversy has existed concerning the cause of the temperature dependence of 
threshold current of bulk InGaAsP/InP double heterostructure lasers. The following five 
mechanisms will be discussed. The first four were considered by Casey in a review paper [4] 
while the fifth is a more recent explanation [5]:
(i) loss of injected carriers by nonradiative Auger recombination
(ii) carrier leakage over the heterobarrier into the confining InP layers
(iii) internal optical losses by intervalence-band absorption
(iv) nonradiative recombination at defects in the active layer and at interfaces
(v) temperature dependence of net optical gain
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Figure 2.1: Auger recombination processes involving (a) electron-electron collisions 
(b) hole-hole collisions
(i) loss of injected carriers bv nonradiative Auger recombination
Auger recombination results from electron-electron collisions and hole-hole collisions and is 
shown schematically in figure 2.1. In the electron process shown in figure 2.1(a), two 
conduction band electrons collide. One electron drops to the empty hole state in the valence 
band while the second electron assumes this recombination energy which is usually greater 
than the difference between the conduction and valence band edge energies, i.e. the energy 
gap Eg. The second electron moves to a higher energy state by absorbing the recombination 
energy and then relaxes to the thermal distribution by processes such as carrier-lattice 
interactions by phonon scattering [6]. In the hole process shown in figure 2.1(b), two valence 
band holes collide. One hole recombines with an electron from the conduction band while the 
other is excited from the split-off valence band by the energy Eg into an empty state in the 
heavy hole band. As Auger recombination involves three carriers, it is proportional to the 
cube of the carrier density in the Boltzmann approximation. A possible model of the 
temperature dependence of Auger recombination was given in a paper by Haug [7]. This 
model included the various Auger recombination processes which can occur in direct band­
gap semiconductors to provide a 'total Auger coefficient', C where the rate is proportional to 
Cn3. In bulk indium phosphide-based lasers, calculated and measured values of C vary from 
3x10-29 cm6 s'l to 9x10-29 cm6 s'1 in the temperature range 100 K to 400 K [4].
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Figure 2.2: Schematic diagram of the band structure of a bulk semiconductor laser showing 
electron leakage over the heterobarrier
(ii) carrier leakage over the heterobarrier into the confining InP layers
This process causes an additional leakage current to the above mechanism. Consideration of 
carrier leakage over the heterojunction barrier, shown schematically in figure 2.2, requires 
knowledge of the conduction- and valence-band energy steps at the n-InP and p-InP 
interfaces with the InxGai-xAsyPi-y active layer. Estimates for these energy steps exist. 
Calculations by Yano et al [8] at A=1.3 Jim have shown that the leakage of carriers in the tail 
of the thermal equilibrium distribution does not have a significant magnitude near room 
temperature to be the source of the observed leakage currents. So it is necessary to consider 
the influence of Auger recombination on carrier leakage. The Auger recombination energy 
can raise a conduction-band electron or valence-band hole to sufficient energy to be above 
the heterojunction barrier. This hot carrier can be transported over the barrier before it loses 
sufficient energy to be confined to the active layer. Therefore, Auger recombination 
influences the threshold current density through both the quantum efficiency as described in
(i) above and carrier leakage over the heterojunction barrier. Measurements have shown 
[9,10] that the leakage current is about 10% - 30% of the total current and is mostly due to 
electron, rather than hole, leakage.
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Figure 2 .3 : Schematic diagram of band structure demonstrating intervalence band 
absorption
(iii) internal optical losses bv intervalence-band absorption (TVBA)
It has been suggested, based on indirect measurements, that IVBA in the active layer due to 
transitions between the split-off valence band and the heavy-hole valence band, as shown 
schematically in figure 2.3, is significant [11-13]. However, direct measurements have 
yielded small values for losses due to IVBA. Henry et al [14] and Casey et al [15] obtained 
values of 12 cm-1 and 2.5 cm’1 respectively for p-type InGaAsP of bandgap 1.3pm. Typical 
values of the internal losses of bulk InGaAsP/InP lasers are around 40 cm’l [16]. Therefore, 
the loss due to IVBA is smaller than what is needed to explain the temperature dependence of 
threshold current and so this loss mechanism is not considered to be a significant factor in the 
determination of T0.
(iv) nonradiative recombination at defects in the active laver and at interfaces
This non-radiative recombination, shown schematically in figure 2.4, will add an additional 
leakage current to the processes described above. Henry et al [17] have examined the effect 
of this by studying the minority carrier lifetime and luminescence efficiency of 1.3 pm 
InGaAsP/InP double heterostructure layers. This work demonstrated that nonradiative 
recombination due to defects and at interfaces does not have a significant effect on the 
quantum efficiency of a laser and hence its temperature performance.
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n-InP active region p-InP
Figure 2.4: Schematic diagram of band structure demonstrating nonradiative recombination 
at defects
In addition, in advanced laser structures such as buried heterostructure lasers, the active 
region is etched through and overgrown during the fabrication process (See Appendix A). 
This may produce another source of defects and non-radiative sites within the laser. Buried 
heterostructure lasers fabricated at BT Labs and elsewhere can be extremely reliable with 
lifetimes in excess of many thousands of hours at elevated temperatures [18]. This indicates 
that the crystal quality of these lasers is excellent and non-radiative recombination due to 
crystal imperfections at the edges of the active region need not be considered.
The main conclusion of Casey's paper is that the low value of T0 in InGaAsP/InP bulk active 
layer lasers is due to Auger recombination. This gives a temperature dependence to both 
quantum efficiency and heterobamer leakage. The effects of IVBA and recombination at 
defects are not considered to be significant.
(vl temperature dependence of net optical gain
Chuang et al [5] have studied the temperature dependence of net optical gain at A,=1.3 pm by 
comparing, both theoretically and experimentally, the window and facet emission from a 
light emitting diode (a laser with antireflection coated facets) to the facet emission from an 
identical laser structure. Excellent agreement was seen between calculations and
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experimental results. The relationship between injection current and carrier density was 
extracted for both types of device showing that photons fluctuating into cavity modes account 
for approximately half the laser threshold current. This phenomenon caused the threshold 
current to increase with temperature at a greater rate than threshold carrier density implying 
that Auger recombination is only weaky temperature dependent. The authors suggested that 
the temperature sensitivity of the threshold current of a semiconductor laser may therefore be 
reduced by suppressing undesired cavity modes.
2.2.3 Lasers with MQW Active Regions
When the active region of the laser consists of a lattice-matched or strained multiple quantum 
well stack, clad by a separate confinement region, the description of the temperature- 
dependent processes becomes even more complicated. There are now many more factors 
contributing to the temperature dependence of the characteristics of the device. These may 
include:
(i) modification of band structure and density of states in quantum wells
(ii) increased carrier density in quantum wells
(iii) earner recombination in the barriers and separate confinement heterostructure
(iv) temperature dependence of net optical gain
(v) the effect of strain on band structure
(T) modification of band structure and density of states in quantum wells
In the previous section, Auger recombination was suggested to be the most important non­
radiative recombination mechanism in determining the temperature dependence of threshold 
current in bulk active region InGaAsP/InP lasers. Since the band structure is modified by the 
quantum size effect in wells less than 100 A in width, there may be an effect on the Auger
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recombination coefficient described above. Detailed analysis has been given in reference 19 
in which the coefficients for all the various band-to-band Auger processes in quantum wells 
were calculated. It was predicted that there should be a reduction in the temperature 
sensitivity of lasers due to the modification of the band structure.
This prediction was also made by Arakawa et al [20]. The characteristic temperature, T0, was 
calculated for bulk, quantum well, quantum wire and quantum box lasers. These calculations 
included the appropriate expressions for the densities of states of these structures. The results 
demonstrated that T0 increased as the dimensionality of the active region decreased. The 
reason for this is that as the density of states is modified, there are fewer energy states into 
which the carriers may be thermally scattered. Therefore, the thermal spreading of carriers is 
reduced in quantum well lasers compared to bulk devices and so the devices are less 
temperature sensitive. This leads to a prediction of infinite T0 in quantum box lasers i.e. no 
temperature sensitivity since the density of states becomes a series of delta functions with no 
states into which carriers may be thermally scattered.
These predictions were tested by placing a bulk active layer laser in a high magnetic field. In 
this situation, the carriers are quantised into Landau levels to produce quantum wires. The 
measured T0 increased at low temperatures thus supporting the theoretical predictions [20].
Recent experimental work by Fuchs et al [21] has suggested that phonon-assisted Auger 
recombination is the dominant nonradiative mechanism in InP-based MQW lasers. This 
process is independent of temperature. O'Reilly et al have discussed the consequences of this 
[22]. Phonon-assisted Auger recombination can account for 80 % to 90 % of the total 
threshold current. The authors have calculated an upper limit on the value of T0 of 100 K at 
room temperature. This value does not include effects of carrier loss in the barrier material 
and carrier leakage, both of which can increase the temperature sensitivity. They concluded 
that the main factor in reducing T0 from the ideal value is the temperature dependence of the 
carrier density.
34
(iii increased carrier density in quantum wells
Quantum wells by their very nature are much thinner than conventional bulk active regions. 
For example, a typical quantum well is 80A thick compared to 0.15|im for a bulk layer. So if 
it assumed that all injected carriers are very rapidly captured into the wells and only 
recombine within them then there can be a much higher carrier density in the quantum wells 
than occurs in a bulk device. Therefore, even if carrier density dependent non-radiative 
recombination coefficients, such as Auger recombination, are reduced as discussed above, the 
increase in carrier density may counteract this.
(iiil carrier recombination in the barriers and separate confinement heterostructure (SCH1
There is a considerable body of evidence that carriers can exist in the barrier and (SCH) 
states for finite lifetimes from which they can radiatively recombine. Many papers have 
shown experimental plots of spontaneous emission at wavelengths around the bandgap of the 
barriers and have concluded that it was from within the barriers that this emission was taking 
place [23]. This process may have two opposing consequences. First, it reduces the carrier 
density in the wells and so may reduce the effects described in point (ii) above [24]. Second, 
the spontaneous recombination of carriers residing in barrier states will not contribute to the 
lasing mode causing the device to become less efficient. This may have a detrimental effect 
on the threshold current. The proportion of carriers in the barrier states may have a 
temperature dependence since it depends on many factors such as diffusion, transit time 
across the SCH, conduction- and valence-band offsets, capture time and thermionic emission 
from confined states in the wells to the barriers. Most of these parameters are very difficult to 
measure experimentally in order to assess the individual effect of each one on the 
temperature sensitivity.
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Blood et al [25] have carried out a study on the effect of the quality of the barrier material on 
T0 in AlGaAs/GaAs laser structures. The lasers studied had poor quality barrier material 
which had a higher concentration of nonradiative recombination centres. This gave the 
barrier material a shorter minority carrier lifetime, determined from photoluminescence 
decay measurements. As a result, these lasers exhibited lower values of T0 than those of 
similar devices known to have been fabricated from good quality material.
(iv) temperature dependence of net optical gain
This process is included here as well as for bulk active region lasers since it was first studied 
in MQW lasers. An alternative process causing the temperature sensitivity of MQW lasers 
has been postulated by O'Gorman et al [26, 27]. In this work, the authors separately studied 
the broadband spontaneous emission and the narrow-band stimulated emission of a 1.3 |im 
MQW laser. The spontaneous component exhibited an exponential temperature dependence 
while the lasing component was characterised by a power law. From the analysis of these 
results, the authors concluded that the dominant effect was the temperature dependence of the 
net optical gain. Their results could not be explained by a model in which the Auger 
recombination coefficient C was the dominant temperature dependent parameter.
(V) the effect of strain on band structure
The effect of tensile or compressive strain in the quantum wells adds yet another factor to 
affect the temperature dependent properties of MQW lasers. Since strain modifies the valence 
band structure of the semiconductor, the Auger recombination and IVBA coefficients will be 
altered. As outlined in chapter 1, the engineering of the band structure by incorporating strain 
in the active region of an MQW laser may have significant effect on its temperature 
sensitivity.
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The temperature sensitivity of Auger recombination in strained 1.55 pm quantum well 
structures, where the assumptions for bulk semiconductors of Boltzmann statistics and 
parabolic bands may not be valid, has been investigated by Lui et al [28]. Calculations 
showed that the Auger recombination coefficient, C, did not increase with carrier density as 
rapidly as n3 implying that C is carrier density dependent. In addition, except for the case of 
low carrier density and high temperature, C was seen to be independent of temperature.
2.3 Experimental Apparatus
Under continuous current injection, the active region of a semiconductor laser increases in 
temperature compared to that of its heat sink due to the resistance of the device. This will 
lead to incorrect readings of laser threshold current with heatsink temperature. The situation 
is much worse when the threshold current is greater at higher temperatures. Therefore, all 
measurements described in this chapter were carried out under pulsed current injection to 
avoid this excess temperature rise.
A schematic diagram of the apparatus used to measure the variation in threshold current with 
temperature is shown in Figure 2.5. The laser heatsink temperature was controlled by an ILX 
temperature controller. It was held constant to ±0.1 °C for each light-current characteristic. 
Measurements were taken either in the range 12 °C to 80 °C in 2 °C steps or 15 °C to 80 °C 
in 5 °C steps. The latter range was used to save time with no loss in accuracy. The heatsink 
temperature had previously been calibrated in the range 12 °C to 80 °C by a platinum 
resistance thermometer.
Current pulses were applied by an HP voltage pulse generator. The pulse length was 400 ns 
at a repetition rate of 10 kHz. This was considered to be a sufficiently low duty cycle to avoid 
heating. A 47 Q resistor was bonded in series with the laser so that the output impedance 
'seen* by the pulse generator was approximately 50 £2 as the device began to lase.
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Digital Voltmeters 
measuring light output 
& pulsed current
F i g u r e  2 5 :  S c h e m a t i c  d i a g r a m  o f  a p p a r a t u s  u s e d  to m e a s u r e  th e  t e m p e r a t u r e  sensitivity o f  
t h r e s h o l d  c u r r e n t  o f  s e m i c o n d u c t o r  lasers. T h e  e q u i p m e n t  w a s  c o n t r o l l e d  b y  a n  
H P  c o m p u t e r  w h i c h  a l s o  i n p u t  v a l u e s  f r o m  th e  t w o  digital voltmeters.
The injected current was measured by the following method. The laser bond wire was passed 
through the core of a 1 mA-to-1 mV transformer whose output was fed into a Tektronix 
sampling oscilloscope. This sampled trace was measured by a digital voltmeter. The scale on 
the oscilloscope was adjusted to calibrate this voltage to injection current.
Light output was measured by a broad area Germanium photodiode connected to a 
transimpedance amplifier which converted the photocurrent pulse to a voltage. This voltage 
pulse was also read by the sampling oscilloscope and measured by another digital voltmeter. 
These measurements did not have to be calibrated since the only parameter of interest in the
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measurements was the absolute value of threshold current and not the magnitude of the light 
output or external efficiency.
The entire measurement apparatus was controlled by an HP computer. The program varied 
the heatsink temperature, increased the current pulse through the laser and read the voltages 
on both digital voltmeters thereby obtaining measurements of light versus current. Threshold 
current was calculated by making a least squares fit to the light output data above threshold. 
The intercept with the x-axis was the threshold current. All data was stored on floppy disk. 
At the end of each set of measurements, the data was printed out and entered manually into a 
graph drawing package on an Apple Macintosh computer. The inverse of the gradient of the 
graph of In (Ith) against temperature gave the value of T0 for each laser. A typical set of 
readings is shown in Figure 2.6. The characteristic temperature of this device is 61.5 K.
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F i g u r e  2. 6 :  T y p i c a l  p l o t  o f  t h e  n a t u r a l  l o g a r i t h m  o f  p u l s e d  t h r e s h o l d  c u r r e n t  a g a i n s t  h e a t s i n k  
t e m p e r a t u r e .  T h e  characteristic t e m p e r a t u r e ,  T 0> is 6 1 5  K  f o r  this laser.
For many devices, there was not an accurate linear fit to the data of the plot of ln(Ith) against 
temperature. Therefore, for these particular devices, the calculated T0 was an average over
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the measured temperature range. Some devices did not lase at high temperatures up to 80 °C. 
Only the data up to when these devices ceased lasing was used in the calculations.
2.4 Experimental Results
2.4.1 Effect of Current Leakage on Measured T0
The measured characteristic temperature can be artificially increased above its true value by a 
parallel current path around the active region. This can occur in buried heterostructure 
devices with poor current blocking layers and, more generally, in lasers of poor crystal 
quality. This effect can be simulated experimentally by placing a resistor in parallel to the 
laser active region. A simple demonstration of the effect of current leakage can be seen by 
adding 5 mA to all the threshold current values measured in Figure 2.6. This results in an 
artificial increase in the measured value of T0 from 61.5 K to around 70 K. Consequently, all 
the lasers studied in this chapter were screened for low threshold current.
2.4.2 Plan
The characteristic temperatures of all the different types of lasers studied in this chapter were 
measured as a function of cavity length. The reason for this was to vary the lasers' operating 
point on the nonlinear gain versus current density curve calculated in chapter 1. Further 
details and a quantitative explanation are given in section 2.5.2.
The results for bulk buried heterostructure lasers are presented initially. These are followed 
by data from ridge waveguide lasers with 4, 6 and 8 quantum wells. Ridge waveguide and 
buried heterostructure lasers are then compared. Buried heterostructure lasers are studied in 
detail with the effects of well number, facet coating and two types of strained quantum well
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being examined. A full description of the active region and laser structures is given in 
Appendix A.
2.4.3 Temperature Sensitivity of Bulk 1.55pm Buried Heterostructure Lasers
The results of T0 versus length for buried heterostructure lasers with bulk 1.55 pm active 
regions shown in Figure 2.7 will be used as the standard to which all the subsequent MQW 
laser data will be compared. This graph shows that T0 increases slightly with length and for 
this set of lasers is in the range 50.9 K to 56.6 K. This data compares favourably with 
previously published work summarised in reference 2 which shows T0 in the range 50 K to 
70 K for bulk InGaAsP-active region lasers.
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F i g u r e  2. 7 :  T 0  v e r s u s  l e n g t h  f o r  b u r i e d  h e t e r o s t r u c t u r e  lasers w i t h  b u l k  1 . 5 5 p m  active  
r e g i o n s
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2.4.4 MQW Ridge Waveguide Lasers with 4 ,6  and 8 Quantum Wells
To
• 8 wells
▲ 6 wells
■ 4 wells
Length (fxm)
F i g u r e  2.8 :  T 0  v e r s u s  L e n g t h  f o r  M Q W  r i d g e  w a v e g u i d e  lasers w i t h  4, 6  a n d  8  q u a n t u m  w e l l s
Figure 2.8 shows a plot of T0 against length for MQW ridge waveguide lasers with 4, 6 and 8 
quantum wells. Two clear trends can be seen from this graph:
(i) T0 increases with well number
(ii) T0 increases with increasing length
Thus longer devices with greater numbers of quantum wells have a higher characteristic 
temperature. It can also be seen that the highest measured values of T0 are more than 40 %  
greater than those of the bulk active region lasers in Section 2.4.1. This is of practical 
importance since high output power MQW pump lasers for erbium-doped fibre amplifiers are 
generally long (>750 |im) for efficient thermal dissipation and reduction in carrier leakage 
[29].
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2.4.5 Comparison of Buried Heterostructure and Ridge Waveguide Lasers
0  BH lasers 
O  RWG lasers
200 400 600 800 1000 1200
Length (pm)
F i g u r e  2 . 9 :  T 0  v e r s u s  l e n g t h  f o r  r i d g e  w a v e g u i d e  a n d  b u r i e d  h e t e r o s t r u c t u r e  lasers w i t h  4  
q u a n t u m  w e l l s
For many applications, buried heterostructure lasers are required rather than the simpler ridge 
waveguide structure. In high output power applications such as pump lasers for erbium- 
doped fibre amplifiers, BH lasers may be needed for lateral mode control at these high output 
powers [30] to efficiently inject light into an optical fibre. High speed applications require 
devices with low parasitic capacitance and, in this respect, properly designed BH lasers can 
be more appropriate than RWG structures [31].
In Figure 2.9, the characteristic temperature of BH and RWG lasers with four quantum wells 
is plotted. Examination of this graph shows that the same length dependence is exhibited by 
the BH lasers as the RWG devices. However, the measured values of T0 for the BH lasers are 
consistently lower by about 10 K to 15 K.
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2.4.6 Buried Heterostructure Lasers with Various Numbers of Quantum Wells
O 4 well 
■ 9 well
•  16 well
□  24 well
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Length (gm)
F i g u r e  2 . 1 0 :  T 0  v e r s u s  l e n g t h  f o r  b u r i e d  h e t e r o s t r u c t u r e  lasers w i t h  4, 9 , 1 6  a n d  2 4  q u a n t u m  
w e l l s
From the data presented and described in the previous two sections, it follows empirically 
that to fabricate a BH laser with a high T0, the device must be long (>500 pm) and have a 
large number of wells in the active region. Figure 2.10 graphs T0 as function of length for 
BH lasers with 4, 9, 16 and 24 quantum wells. The graph shows that increasing the number 
of quantum wells does not significantly increase the characteristic temperature of the longer 
lasers with large numbers of wells. The highest values measured were around 70 K. 
Increasing the well number has the effect of removing the length dependence of T0 by 
improving its value for shorter chips. This is of practical significance as short (<350 pm) BH 
devices with large numbers of quantum wells are appropriate for high speed applications [32] 
as will be explained in the next chapter.
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2.4.7 Buried Heterostructure Lasers with High-Reflectivity Coated Facets
To
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F i g u r e  2 . 1 1 :  T 0  v e r s u s  l e n g t h  f o r  9 -well b u r i e d  h e t e r o s t r u c t u r e  l asers w i t h  a s - c l e a v e d  a n d  
7 0 %  / 9 5 %  h i g h  reflectivity c o a t e d  f a c e t s
High-reflectivity facet coatings are often deposited on MQW laser chips to reduce device 
threshold currents. Recent results have shown that threshold currents of less than 1 mA can 
be achieved [33]. These low values are at the expense of much reduced output power. 
Nevertheless, such devices may be suitable for applications such as optical interconnects. 
Any corresponding effect on T0 must, therefore, also be studied.
The effects on T0 of high-reflectivity facet-coated BH lasers with 9 quantum wells were 
studied. Short lasers of lengths 125 pm to 250 pm with 9 wells were chosen for two reasons:
(i) short uncoated chips exhibit a clear length dependence of T0 as seen above.
(ii) short uncoated 9-well lasers do not exhibit increases in threshold current 
compared to longer devices as do those with fewer numbers of wells due to gain 
saturation.
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The coatings increased the front and rear facet reflectivities to 70 %  and 95 %  respectively. 
This reduced the threshold currents of these lasers by more than 50 %. For example, the room 
temperature threshold current of the 125 Jim chips decreased from 9.5 mA to 2.5 mA.
A plot of T0 versus length for the as-cleaved and facet-coated lasers is shown in Figure 2.11. 
The coatings have removed the length dependence of T0 from these devices, but its value has 
not increased compared to the results on longer 9-well devices shown in Figure 2.10. So 
although depositing high reflectivity coatings on the facets of very short lasers reduces the 
threshold currents to very low values, it does not increase the characteristic temperature 
compared to longer chips from the same wafer.
2.4.8 Conventionally Strained, Zero-Net-Strained and Unstrained 16-Quantum Well 
Buried Heterostructure Lasers
The incorporation of strain into the active region of MQW lasers has been predicted to reduce 
the temperature sensitivity of device characteristics as explained in Chapter 1. Clearly, it was 
important to test this hypothesis experimentally. Therefore, the characteristic temperatures of 
unstrained lasers of various lengths were compared with those of lasers having 
conventionally strained and zero-net-strained active regions. All the devices measured were 
buried heterostructure lasers with 16 quantum wells in the active regions. The quantum wells 
were 1 %  compressively strained relative to the substrate with the zero-net-strained structure 
having the barriers strained in the opposite sense to the wells. The strain reduced the 
threshold currents of the lasers. For example, unstrained chips 200 pm in length lased at 
10 mA drive current but this was reduced to around 6 mA in the strained devices.
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In Figure 2.12, the dependence of T0 as a function of device length is plotted for the two 
strained structures along with the data from the unstrained lasers. The unstrained devices 
exhibit slighdy higher values of T0 than the strained devices whereas initial theoretical work 
on strained-layer lasers predicted reduced temperature sensitivity [34,35].
2.4.9 Strained Quaternary Well Buried Heterostructure Lasers
MQW lasers with strained Ini_xGaxAsi-yPy wells instead of the more conventional strained 
Ini_xGaxAs wells have also been fabricated for the reasons also explained in Chapter 1. 
Employing these quaternary wells increases the well width from 25 A to 80 A. This is the 
width of the unstrained InGaAs wells in the lasers of Section 2.4.6. Further reductions in 
threshold current have been demonstrated in these structures [36]. Therefore, as it appeared 
that an optimum structure in terms of threshold current had been approached, the temperature 
sensitivity was studied. The results on structures with 4, 8 and 16 1% compressively strained 
quaternary quantum wells are shown in Figure 2.13. This graph is similar to previous ones
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since T0 increases with well number and device length. However, despite the fact that 
threshold currents were reduced to record low values, there was no increase in characteristic 
temperature compared to devices with similar numbers of strained or latticed-matched 
InGaAs quantum wells.
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2.5 Analysis of Experimental Results
2.5.1 Summary
There are two trends which emerge from all the experimental results on MQW lasers 
presented in the previous section:
(i) T0 increases with increasing well number
(ii) T0 increases with increasing length
■ 16 wells
• 8 wells
▲ 4wells
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It is also significant to note that:
(i) ridge waveguide lasers exhibit higher T0 than buried heterostructure devices with 
identical active regions
(ii) high reflectivity facet coatings improve the measured T0 for short devices
(iii) strain does not improve T0 in the devices tested.
There appears to be an upper limit on the value of T0 for buried heterostructure lasers of 
about 70 K. This value is not significantly greater than that measured for the bulk lasers 
described in section 2.4.1.
2.5.2 Calculation of Effect of Temperature Dependence of Optical Gain
The optical gain versus wavelength calculations of Chapter 1 have been repeated at 
temperatures ranging from 20 °C to 80 °C in steps of 20 °C. Hence, the temperature 
dependence of the variation of peak gain with injected carrier density can be obtained. These 
calculations are shown in figure 2.14, where, as before, the net optical gain per well is plotted 
as a function of injected current density. The expected logarithmic form of these curves is 
repeated here for clarity [37]:
G(J) = G0(l+ln(J/J0)) (2.2)
Threshold occurs when the optical gain achieved is equal to the loss, i.e.
(2.3)
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Further details on the losses and an explanation of the symbols can be found in Appendix B. 
Combining equations (2.2) and (2.3) in terms of threshold current density gives:
(2.4)
as the threshold current density per well. As the temperature is increased, values of J0 
increase while values of G0 decrease. Figure 2.14 and equation (2.4) show that for a given 
required optical gain per well, threshold current density increases as a function of 
temperature. In addition, it can also be seen that the increase in threshold current density is 
greater for higher values of required optical gain.
F i g u r e  2 . 1 4 :  C a l c u l a t i o n  o f  n e t  opti c a l  g a i n  p e r  w e l l  a g a i n s t  i njected c u r r e n t  d e n s i t y  f o r  I n P -
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b a s e d  q u a n t u m  w e l l  lasers in t h e  t e m p e r a t u r e  r a n g e  2 0  ° C  to 8 0  ° C  in 2 0  ° C  
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B - B '  is g r e a t e r  t h a n  f o r  a  d e v i c e  w h i c h  lases a t  p o i n t s  A - A \
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Consider two lasers with identical active regions containing four quantum wells. Previous 
work has shown that the internal cavity loss for a similar structure is around 9 cm*1 [29]. 
Using equation (2.3), a 1000 pm long device has a threshold gain requirement of around 
5 cm-1 per well and so will lase at around points A-A' in figure 2.14 as the temperature 
increased. A 200 pm long laser has a threshold gain requirement of 17 cm-1 per well and so 
will have to be biased at around points B-B'. In the short laser, a higher net optical gain is 
required to overcome the increased mirror losses which, as shown in equation (2.3), are 
inversely proportional to cavity length [38]. It can be seen from the figure that the shorter 
laser will require a higher increase in injected current density with increasing temperature to 
maintain threshold gain compared to the longer one due to the non-linearity of the curve. 
Alternatively, points A-A' can correspond to a short laser with many quantum wells. It is 
important to emphasise that T0 is a measure of relative rather than absolute change in 
threshold current density. Nevertheless, in general, lasers which can be biased on the steep 
part of the curve up to high temperatures will exhibit higher values of T0 than those biased on 
the flat part. These calculations are consistent with the trends seen in the experimental results 
shown in figures 2.8,2.9,2.10,2.11 and 2.13.
This mechanism was suggested by Jung et al [39] in a paper in which the characteristic 
temperature of single- and four-well AlGaAs/GaAs lasers were studied. The experimental 
studies on the effect of length and well number on T0 in reference 39 agree with the results 
presented in this chapter.
Thus, gain saturation causes short MQW lasers with few wells to exhibit increased threshold 
currents compared to longer devices with the same active region structure. This increase in 
threshold current has been studied and reported previously [40]. In addition, since these 
lasers achieve threshold at a higher injected carrier density, they are more susceptible to 
Auger recombination, which is proportional to the cube of the carrier density as described in 
section 2.2.2. This mechanism may cause an additional increase in threshold current in 
shorter lasers at higher temperatures.
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2.5.3 MQW Ridge waveguide and Buried Heterostructure Lasers
Carrier diffusion may be the reason for the ridge waveguide lasers having greater T0 than the 
BH devices as described in section 2.4.3 and shown in figure 2.9. Schematic diagrams of the 
two device structures are given in figures A.2 and A.3 of Appendix A. These show that the 
active region of a BH laser is precisely defined in terms of carrier confinement whereas 
carriers may diffuse laterally in the ridge structure. In ridge waveguide lasers, lateral carrier 
diffusion away from under the ridge can result in an effective leakage current. In section 
2.4.1, it was demonstrated that an additional leakage current can artificially increase the 
measured value of T0. Therefore, this may be a cause of the increased measured values of T0 
in the ridge waveguide lasers in section 2.4.3. This effect has been suggested by Stegmiiller 
et al [41] to explain T0 values of greater than 70 K exhibited by ridge waveguide lasers with 
six compnessively strained InGaAsP quantum wells. However, there was no comparison with 
results from buried heterostructure lasers fabricated with the same active region structure.
2.5.4 Upper Limit of Characteristic Temperature
The effect of the high reflectivity facet coatings described in section 2.4.5 was to achieve a 
laser threshold current just above the transparency current. This reduced threshold current 
removed the effects described in section 2.5.2 since a 125 pm long nine-well BH laser 
exhibited a similar value of T0 to a 1000 pm device from the same wafer shown in Figure 
2.10. There was, however, no significant increase in T0 compared to the bulk lasers. The 
1000 pm long 24-well BH laser, which should have the lowest temperature sensitivity 
according to the empirical trends, was also not significantly better than the bulk active region 
lasers. Even the various strained layer structures did not show any improvement.
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It may be argued that the laser structures studied in this chapter, i.e. buried heterostructure 
and ridge waveguide, may be artificially reducing T0 by mechanisms similar to those 
described above in section 2.5.3. Morle et al [42] have carried out a study on broad area 
MQW lasers which, as can be seen in figure A.l of Appendix A, are the simplest of 
structures. These lasers had between 4 and 12 quantum wells and ranged in length from 
200 pm to 1600 pm. This study showed that T0 was independent of well number and length 
and was approximately 60 K.
From all the reported data and the results presented in this chapter, there appears to be a 
empirical upper limit on T0 for all InP-based lasers, regardless of active region structure and 
threshold carrier density. If threshold carrier density does not contribute to the temperature 
sensitivity then it may be caused by background loss mechanisms. Some of these can be 
dependent on the band structure of the material such as IVBA, thermionic emission of 
carriers from the quantum wells and thermal transport over the heterobarrier. However, 
lattice-matched and strained MQW lasers have different band structures than bulk material 
and so it is likely that these mechanisms are not be significant.
The work of Chuang [5] and O'Gorman et al [26, 27] has postulated that the temperature 
dependence of net optical gain determines the temperature sensitivity of bulk and MQW 
lasers and that Auger recombination is only weaky temperature dependent. This is supported 
by Lui et al [28] who have calculated that Auger recombination is carrier density dependent 
but independent of temperature under most conditions. Because the Auger recombination 
coefficient C is carrier density dependent, the temperature dependence of carrier density in 
turn modulates that of C. The calculations and the work of Jung et al [39] described above 
support the idea that optical gain is a significant parameter. Therefore, the absolute value of 
threshold current may be determined by the Auger coefficient while the temperature 
sensitivity may be due to the thermal influence on optical gain.
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There have been a great many papers from laboratories around the world describing lattice- 
matched and strained layer InGaAs(P)/InP MQW lasers grown and fabricated by many 
different methods. So far, there have been no reliable reports of lasers exhibiting significantly 
improved temperature sensitivity. It is possible that the effect of strain is to reduce Auger 
recombination as predicted [34, 35] and that this is the reason for reduced threshold currents 
[36]. However, if it is the temperature dependence of optical gain and not Auger 
recombination which dominates temperature sensitivity, then a significant increase in T0 may 
not be possible.
2.6 Conclusions
A systematic study of the temperature sensitivity of the threshold current of lattice-matched 
and strained InGaAsP/InP MQW lasers emitting at 1.55 jam has been carried out. The 
temperature sensitivity is quantified by a parameter T0 known as the characteristic 
temperature. A higher value of T0 implies a lower rate of increase of threshold current with 
temperature. Both bulk and MQW lasers were studied. A comparison was made between 
ridge waveguide and buried heterostructure lasers possessing identical active regions. The 
effects of strain and facet coatings were also studied.
The characteristic temperatures of the lattice-matched and strained MQW InGaAsP/InP lasers 
studied in this chapter are not significantly higher than those of bulk active region devices. 
The highest value of T0 measured was around 70 K. However, the incorporation of quantum 
wells can significantly reduce the temperature sensitivity of MQW lasers with the following 
two trends being evident:
(i) temperature sensitivity decreases with increasing well number,
(ii) temperature sensitivity decreases with increasing laser length.
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These trends may be understood in terms of the nonlinear gain-carrier density relationship of 
quantum well lasers. In section 2.5.2, it was calculated that short lasers (-200 pm long) with 
few (~4) quantum wells should exhibit lower T0 than similar devices with long (-1000 pm) 
cavities or high numbers of wells (~16). The calculations are consistent with the experimental 
results. In addition, Auger recombination may also cause an additional increase in the shorter 
lasers at higher temperatures. These results are of practical significance since short lasers 
with large numbers of wells are appropriate for high speed applications [32] and long devices 
with few wells are used as high output power pump lasers for erbium-doped optical fibre 
amplifiers [29].
The ridge waveguide lasers exhibited greater characteristic temperature than buried 
heterostructure devices. This may be due to lateral carrier diffusion which can result in an 
effective leakage current. This can artificially increase the measured value of T0.
The effect of the facet-coatings was to eliminate the length dependence of T0 for short laser 
chips. But there was no increase compared to longer devices having identical active regions. 
However, this improvement may be utilised in applications in which short cavity, low 
threshold lasers are required such as for optical interconnects.
It is also significant to note that the strained layer lasers did not exhibit reduced temperature 
sensitivity despite reduced threshold currents. These results are in apparent contradiction to 
one of the proposed advantages of strained-layer MQW lasers described in Chapter 1. 
However, more recent work has suggested that if Auger recombination remains the dominant 
loss mechanism, then the upper limit of T0 for strained long wavelength lasers may be only 
100 K  [22].
An overall conclusion from the work presented in this chapter and in the literature is that 
there may be a fundamental upper limit on T0 for all types of indium phosphide-based 
semiconductor lasers of around 70 K to 80 K. Consequently, telecommunications network
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engineers may always have to take this factor into account when designing optical 
transmission systems which have to operate efficiently at elevated temperatures. 
Nevertheless, improvements in other characteristics, such as those described in the following 
chapters, imply that MQW lasers may replace bulk devices in many applications.
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Chapter 3: Relative Intensity Noise (RIN) Measurements of Strained Layer 
Lasers
3.1 Introduction
Semiconductor lasers with wide electrical bandwidths are essential components of both long- 
haul multigigabit intensity modulated systems and large bandwidth analogue systems 
employing subcarrier modulation. MQW lasers have been suggested by several authors as 
having improved frequency response compared to bulk active region devices [1, 2]. This is 
because of the predicted increase in differential gain. Section 3.2 will show that this is an 
important parameter in determining the potential electrical modulation bandwidth of a 
semiconductor laser. Further enhancements in differential gain and hence bandwidth are 
expected if strain is incorporated in the wells [3 -5 ]. Therefore, estimates of fundamental 
parameters such as differential gain and damping may be obtained from measurements of the 
modulation bandwidth of the laser. Devices which are unsuitable for high speed applications 
may also be studied in order to determine the variation of these parameters with laser operating 
point.
The electrical modulation bandwidth of a semiconductor laser is principally determined by two 
characteristics:
i) parasitic elements associated with the laser such as capacitance, inductance and 
resistance. These are laser design dependent.
ii) the intrinsic frequency response of the laser active region.
Measurements of the latter which will give an estimate of the fundamental parameters of the 
laser are often obscured by the former.
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Buried heterostructure lasers with conventional p-n blocking layers, as shown in figure A.3 of 
Appendix A, exhibit electrical modulation bandwidths limited to only a few gigahertz mainly by 
the large parasitic capacitances of the forward biased p-n junctions in the current confining 
layers. A circuit model of the electrical parasitics of this device is given in Figure 3.1 [6]. This 
model consists of a bond tape inductance, a resistive term representing the contact resistance 
and bulk p-type InP resistance, across which is the oxide capacitance. The current blocking 
layers can be represented by a distributed resistor-capacitor network connected across an active 
layer resistance.
Bond tape inductance L«0.2 to 0.4nH
O O O O
Contact and p doped 
InP resistance
Active layer 
resistance
Oxide capacitance «5pF
Blocking layer Impedance
F i g u r e  3 . 1 :  C i r c u i t  m o d e l  o f  a  b u r i e d  h e t e r o s t r u c t u r e  l a s e r  s h o w i n g  c h i p  p a r a s i t i c s  a n d  b o n d  
t a p e  i n d u c t a n c e
The resistor-capacitor network can be reduced by the fabrication of a "trenched" buried 
heterostructure laser. A schematic diagram of such a device is shown in Figure 3.2. The area of 
the p-n junctions is reduced thus removing most of the network. This has the effect of 
increasing the electrical modulation bandwidth to around 11 GHz [6]. However, close 
examination of the data presented in reference 6 shows that there is still a residual parasitic 
response which is limiting the bandwidth. A low-frequency 'roll-off can be seen in the
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modulation response indicating that the capacitative effects of the blocking layers have been 
reduced but not eliminated.
F i g u r e  3 2 :  S c h e m a t i c  d i a g r a m  o f  th e  cross-section o f  a  " t r e n c h e d "  b u r i e d  h e t e r o structure laser
Reduction of the parasitic capacitance to values at which it does not affect the modulation 
bandwidth has been achieved by the use of semi-insulating iron-doped InP current blocking 
layers as demonstrated by Lealman et al [7]. A schematic diagram of such a laser is shown in 
Figure 3.3. Plots of modulation bandwidth presented in reference 7 show no evidence of the 
parasitic roll-off at low frequencies seen previously. The bandwidths of these lasers are, 
however, limited by output power because of current leakage from the p-type InP into the Fe- 
doped InP. Section 3.2 will show that high powers may be needed to achieve higher 
bandwidths. A measurement technique is therefore required which can study devices with p-n 
current blocking layers but is not affected by the parasitic impedances.
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TiPtAu
p InP Vp+ InGaAs p InP Oxide
Fe InP
active layer 
Fe InP
n InP buffer
n InP Substrate
F i g u r e  3 .3 :  S c h e m a t i c  d i a g r a m  o f  b u r i e d  h e t e r o s t r u c t u r e  laser w i t h  s e m i - i n s u l a t i n g  F e - d o p e d  
b l o c k i n g  layers
When a semiconductor laser is biased with a steady state dc current, it still exhibits fluctuations 
in its output intensity. This phenomenon is known as 'intensity noise'. Intensity noise arises as 
a result of the quantum nature of the generation of photons within a semiconductor laser. 
Generation of a photon perturbs the electron density which will in turn perturb the photon 
density. A noise spectrum, which arises due to the laser’s intrinsic resonance, will therefore be 
superimposed on the dc output power of the laser. This may be detected by a wide bandwidth 
photodiode and an RF spectrum analyser. The peak of the noise spectrum occurs very near the 
relaxation oscillation frequency of the device at that particular bias point. The full theoretical 
derivation of intensity noise is presented in section 3.2.
Since measurements of laser intensity noise are taken with the device biased with a dc current, 
they are independent of the parasitic capacitances and inductances. Therefore, buried 
heterostructure lasers with standard p-n blocking layers can be studied without any of the 
limitations on electrical modulation bandwidth measurement described above.
Tatham et al [8] have used the technique of relative intensity noise measurement to study 
lattice-matched InP-based MQW lasers with 2-24 quantum wells. This work concluded that
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devices with 16 quantum wells exhibited the largest intrinsic bandwidth. The highest 3 dB 
frequency estimated from the measured data was 43 GHz. Lealman et al [7] have also 
demonstrated that the optimum design of lattice-matched MQW lasers for high speed 
applications is a structure with 16 wells. This reference presented data on electrically modulated 
devices.
References 7 and 8 have been specifically chosen out of the many that appear in the literature. 
The work described in both of these papers was carried out by my colleagues at BT 
Laboratories. Measurements were performed on devices with identical active regions. Thus the 
agreement of these two sets of results in suggesting an optimum laser structure supports the 
use of RIN measurements to study the intrinsic properties of lasers.
In this chapter, the relative intensity noise (RIN) of strained layer MQW lasers is studied. The 
theory of resonance frequency and damping is described in detail in section 3.2. The 
experimental apparatus is described in section 3.3. In section 3.4, experimental results from 
16-well zero-net-strain, conventionally strained (the barriers are lattice-matched to the 
substrate) and lattice-matched lasers are compared and analysed. Results from lasers with 
strained quaternary wells are also presented and analysed. Conclusions are presented in section 
3.5.
3.2 Theory of Resonance Frequency and Damping
Much of the theory presented in this section may be found in several places including standard 
textbooks. This section, however, serves both to define the terms used in the other sections 
and to clarify the assumptions implicit in the analysis of the data. Some theoretical issues are 
not yet fully resolved, in particular the physical origin of the gain suppression in lasers, and a 
brief review of the various proposals is also presented.
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3.2.1 Rate equations
The dynamic characteristics of semiconductor lasers may be derived from a simple set of rate 
equations [9-11]:
S = total photon density in the laser cavity 
N = carrier density in the active region 
F = optical confinement factor 
Vg = group velocity
g(N,S) = electronic gain per unit length at the lasing wavelength 
Tph = cavity photon lifetime including internal and mirror losses 
RSp = number of spontaneously generated photons per unit time within lasing mode 
Ktot = spontaneous emission enhancement factor due to finite mirror reflectivities and 
lateral waveguiding [10]
V -  volume of the active region 
I = injection current into the active region 
Te = recombination lifetime of carriers 
q = electronic charge
Equations (3.1) and (3.2) assume uniform carrier and photon density in the active region and 
apply to single mode lasers. The equations may be extended in straightforward manner to 
multimode operation [12,13], but this will not be presented here. The analysis is considerably 
more complicated and the results are qualitatively the same.
(3.1)
(3.2)
where:
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If we consider small perturbations 8S, 5N and 51 about the steady state values S, N and I, and 
expanding 8g(N,S) in terms of partial derivatives gs=8g/SS and gn=8g/8N then, neglecting all 
cross terms:
^ p -  = -r sSS + (YvggnS + 5*21 (3.3)
= §  - r "5N - (Evgg + rvggsS)8S (3.4)
where
rs=( i "rvg8 ’ rvg8sS) =( j & v *  ■ r v sgsS) (3-5)
r„=frvggns 1) 0.6)
^ iTe
then, considering a single harmonic component Sl^Slod0*, etc. and 5I0, 8S0, 8N0 denoting 
the complex amplitudes of the small signal oscillations in I, S, N:
5S0(jco +  r s) = 8N0^rvgg„S +  5*pt d- | f j  (3.7)
8N0(jco + r„) = ^  - 8So(Tvgg + rvggsS) (3.8)
from which we obtain
(rvgg„s + 5 m ^ /qV
H(co) = —2 = *-——   L  (3.9)
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where
Fd — r s + r n
C0o2 = r sr„ +  j^rvggnS +  ^  d- ^ ) rvgg + rvggss)
(3.10)
(3.11)
So from equation (3.9), the intrinsic response of the laser output to a small signal modulation 
in current is:
H«d) (Do4
H(0) _(co02-cd2)2 + r D2 co2_
(3.12)
C0o is the resonant frequency, though this is not equivalent to the peak frequency of the intrinsic 
response given by:
C0p2 = o)o2 - r D2/2 (3.13)
The response of the device to small-signal electrical modulation may be obtained from equation 
(3.12) combined with an expression for the frequency response of the electrical parasitics [12, 
14].
3.2.2 Resonant Frequency and Damping
For above threshold conditions, one term dominates the expression for the resonant frequency 
C0o given in equation (3.11) and to a good approximation:
co0 = (r v g g „ s .r v gg)i/2 (3 .14 )
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=  (TvggnS/Tph)1/2 (3.15)
where we have used the threshold condition Fvgg = l/iph-
It is more useful to express this in terms of the output power per facet, where Pf = 
hv.amvgVS/2 which is equivalent to the average facet power in the case of unequal facet 
reflectivities. a m is the distributed mirror loss which, for the Fabry-Perot lasers considered in 
this thesis, is equal to l/2L{ln(l/RiR2)}. Photon lifetime can be explicitly removed from 
equation (3.15) using the expression iph"1 = vg(am + aj) where ai is the cavity internal loss. 
This results in an expression for cop in terms of experimentally measurable quantities:
Equations (3.15) and (3.16) reveal the fundamental dependence of the resonance frequency on 
the square-root of the photon density. The parameters F and gn determine the coupling between 
the carrier and photon populations within the cavity, and the equations show that high resonant 
frequencies are given by tight coupling between these two populations. It useful to define a 
coefficient D such that:
(3.16)
f0 = DVPf (3.17)
where f0 = C0o/2jt, and D is defined by equations (3.16) and (3.17).
The damping Td, from equations (3.10), (3,5) and (3.6) is given by:
r D= ( ^ B - r v ggss ) > r v gg„s + ^ g } ) (3.18)
(3.19)
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The physical causes of damping can be seen from equation (3.18). The response is damped by:
i) depletion of photons and carriers from the coupled system by spontaneous emission 
processes as well as non-radiative and Auger recombination (1st and 4th terms)
ii) non-linear changes in the gain with photon and electron density (2nd and 3rd terms)
The 3rd term of equation (3.19) becomes insignificant when the stimulated emission rate is 
much greater than the spontaneous, and the 1/S dependence is only observed for low resonant 
frequencies (C0q<2 GHz). The last term is the differential carrier lifetime and is constant above 
threshold, with the carrier density clamped at its threshold value. The first two terms are 
proportional to the photon density, or equivalently to the square of the resonant frequency. 
Hence, above threshold, equation (3.18) may be rewritten:
r D = Kf02 + r 0 (3.20)
where the damping coefficient K is given by:
K = (2Jt)2Tph(l-gs/gn) (3.21)
Experimentally, it is found that Td varies linearly with f02 giving a value of K independent of 
output power. The dominant contribution to K arises from the gain suppression term, gs, and
values of K have been found to be remarkably constant from device to device [12,14-16]. K
proves to be a convenient parameter as the maximum intrinsic 3dB bandwidth for small-signal 
modulation, assuming no saturation in output power, may be shown from equation (3.12) to 
be:
f r m = 2 j H 2  ( 3  2 2 )
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3.2.3 Relative Intensity Noise (RIN)
Consider a physical quantity with steady state intensity 3 . The quantity 3  exhibits noise, so 
that the time dependent intensity 3(t) is written as:
3(t) = <3> + 53 (t) (3.23)
with mean intensity (3) where (...) denotes the average with respect to time. The noise may 
also be described in the frequency domain with 83(co) denoting the spectral density in intensity 
noise fluctuations. Relative intensity noise (RIN) is then defined by
RIN _ (153 (o))l2 ) 
32
RIN has dimensions Hz-1, i.e. the noise per unit bandwidth.
The frequency dependence of the RIN of a semiconductor laser may be derived by a similar 
small-signal treatment of the rate equations with the inclusion of Langevin noise terms [9,10, 
17]:
^  = (rV£S ’ Tph}3 + + F s ( 0  ( 3 '2 5 )
dN I N^  = ^ ~ r v ggS+F„(t) (3.26)
Physically, Fs arises from spontaneous emission, while Fn has its origin in the discrete nature 
of the carrier generation and recombination processes such as shot noise. In the above 
threshold regime, using a similar analysis as above [9]:
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Although the denominator of equation (3.27) is the same as for the small-signal modulation 
response, the RIN shows a frequency dependence in the numerator of the form (Aco2 + B). It 
can also be shown from equation (3.27) that in the high frequency regime, co » co0, the RIN 
decreases with facet output power as Pf 1. In the low frequency regime, CO « co0» the RIN 
decreases as Pf 3.
3.2.4 Non-linear gain
It has been shown experimentally that there is a substantial contribution to the damping from 
non-linear gain (or gain suppression), gs, i.e. the suppression of the electronic gain in the 
presence of a non-zero photon density. Most generally, the photon density in one spectral 
mode may cause suppression of the gain in other modes, and the gain in the mode i may be 
expressed as:
threshold may be treated in this way, and the varying intensity of these modes with increasing 
output power is a clear indication of the presence of gain suppression. However we are
(3.28)
where Ejk are the non-linear gain coefficients. The behaviour of non-lasing modes above
principally concerned with the effect on the lasing modes, in which case a single-mode 
equation is used:
g(N,S) = g°(N)(l-eS) (3.29)
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hence from equation (3.21),
K  = (2k ) \ J  1 + eg°(N) (3.30)
dg°/dN(l-eS)
(3.31)
where it has been assumed that eS«l and the threshold condition 1/Tph = rvgg(N,S) has been 
used. Equation (3.29) is valid only for low powers eS«l, and it has been suggested [18] that 
at higher powers a form appropriate to a two-level inhomogeneously broadened system is 
applicable:
There has been very little direct evidence as to the physical cause of gain suppression. 
Experimental atempts to resolve the different mechanisms by modelling of the intensity 
dependence of the non-lasing modes [19] and time-resolved pump-probe transmission 
measurements [2 0 , 2 1 ] have failed to lead to a conclusion as to a dominant mechanism in 
InGaAsP lasers. The suggested mechanisms are as follows:
a) Spectral hole burning
This is most widely assumed to be the dominant cause of damping in high frequency lasers. A 
high photon density in a mode will cause depletion of the carrier density in the vicinity of the 
mode energy. Due to the short lifetime of the excited state, through carrier-carrier and canier- 
phonon scattering, there will be a finite energy broadening, AE, associated with the state, as 
prescribed by the uncertainty principle. Thus the carrier density, and gain g(E,N), will be 
depleted not only at the mode energy, but within AE of the mode energy. Hence the mode gain 
for neighbouring modes will also experience suppression. The strength and energy range AE of
(3.32)
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the gain suppression will be determined by the intraband scattering times - the longer the 
scattering time the stronger the gain suppression and the narrower its spectral width. 
Expressions for the non-linear gain coefficients have been calculated by several authors using 
density matrix formalism [22-26]. These authors agree in their expression for the non-linear 
gain, e:
.  3 h v { T i n ( T c  +  X v ) }  < M 2 >  r 3
e =   — --------------- — (3.33)
2 e0  ft2nng F
where Tc and Tv are the conduction and valence band intraband relaxation times and 1/Tjn =  
(1/Tq + l/xv)/2, <M> is the dipole moment, n, ng are the phase and group refractive indices, T 
is the confinement factor and I> is the third order confinement factor defined as:
T3 = AxAy J | IF(x,y)l4  dx dy (3.34)
where F(x,y) is the normalised optical field distribution, and Ax, Ay are the width and 
thickness of the active region. Hence from equation (3.31):
K = 4jc2Tph + 6 rc2hv {Tjn(Tc+Tv)} <M2> T 3 
£o^2nngvg(dg/dn) T2.
(3.35)
An asymmetric spectral hole burning effect has been postulated by Bogatov et al [27]. By 
studying single facet-coated AlGaAs/GaAs lasers in an external cavity with two independently 
controllable reflective diffraction gratings, the authors studied the interaction between 
longitudinal modes. It was shown both experimentally and theoretically that spectral hole 
burning was asymmetric with the longer wavelength dominating. This effect was attributed to 
dynamic inhomogeneities of the electron density above threshold.
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b) Damping bv cavity standing wave dielectric grating
One group of researchers has presented an alternative explanation of the non-linear gain in 
standing wave lasers, arising from a gain and index grating induced within the cavity [28-30]. 
Though very little detail is given by the authors as to the physical processes involved, the gain 
and index grating is explained as arising from a spatial modulation in the carrier density - and 
so in this way similar to spatial hole-burning - but with the induced grating providing optical 
feedback which enhances the modulation. Thus the effect depends strongly on the magnitude 
of the ambipolar diffusion constant. However, there has been insufficient theoretical treatment 
of this mechanism to support experimental investigation.
c) Hot carrier effects
A third proposed cause of non-linear gain stems from the rapid heating of carriers (above the 
ambient lattice temperature) in the presence of strong optical fields. Several mechanisms e.g. T- 
X intervalley scattering, free carrier absorption and inter-valence band absorption result in the 
excitation of highly energetic carriers, and such carriers rapidly equilibrate (on a timescale < 
lOOfs) with the main body of carriers, raising their temperature. Such an increase in 
temperature results in a reduction in gain. Thus any modulation in the photon density will be 
followed by an almost instantaneous modulation in the gain. Theoretical work on this 
mechanism has been outlined by DeFonzo and Gomatam [31] to explain the results of 
transient pump-probe absorption experiments [2 0 , 2 1 ].
Of all the proposed predictions as to the origins of non-linear gain in bulk active region 
semiconductor lasers, only the spectral hole burning mechanism has been studied in any depth 
and concrete predictions as to the resulting damping in high frequency lasers made.
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3.2.5 Non-linear gain in Quantum Wells
As stated in the introduction, the use of multiple quantum wells and of strained layers has been 
predicted by several authors to lead to an enhancement in the frequency response of lasers [1 - 
3]. These enhancenents stem from the increased differential gain (dg/dn) in quantum well and 
strained layer lasers, which should increase the resonant frequency for given ouput power 
(Equations (3.15) and (3.16)) and decrease the damping parameter, K, (Equation (3.31)). 
However, it has also been predicted the reduced dimensionality will lead to an increase in the 
non-linear gain coefficients (Equation (3.28)) [32], which would counteract the decrease in 
damping, K, due to increased dg/dn. In addition, it is usually assumed that the intraband 
relaxation times xc and Xh are unchanged when carriers are confined to two dimensions, but this 
is likely not to be the case. Such relaxation times are difficult to calculate accurately, and even 
more difficult to measure experimentally.
Thus, the use of quantum wells and strained layers is expected to give increased resonant 
frequencies, but it is uncertain what effect two-dimensional confinement of carriers will have 
on the damping parameter K. However, there are other processes particular to quantum well 
structures which can affect modulation performance. These are described in the next section.
3.2.6 Carrier Transport Effects in Quantum Well Laser Structures
Recently, it has been shown both experimentally and theoretically that there are other 
phenomena which can affect the high speed properties of quantum well lasers. These effects 
were first identified and studied in strained InGaAs-GaAs single quantum well lasers [33]. 
The devices exhibited an anomalously high damping that was inconsistent with the various 
damping mechanisms described above. A structure-dependent mechanism was proposed. 
Further work by many authors has identified several mechanisms by which the quantum well 
active region can affect the modulation response [34]. These include carrier transport across
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the separate confinement heterostructure (SCH), carrier capture in the quantum well, 
thermionic emission from the well - this is detrimental to single quantum well structures but 
beneficial to MQW lasers - and quantum tunnelling through the barriers between wells. Each of 
these mechanisms, which are shown schematically in figure 3.4, has a characteristic time and 
may affect the laser's behaviour.
hole
injection p-InP
F i g u r e  3 . 4  S c h e m a t i c  d i a g r a m  o f  v a r i o u s  carrier t r a n s p o r t  p r o c e s s e s  in a n  M Q W  laser:
(i) carrier t r a n s p o r t  a c r o s s  the S C H ,  (ii) q u a n t u m  tunnelling t h r o u g h  th e  barriers,
(iii) q u a n t u m  c apture, (iv) t h e r m i o n i c  e m i s s i o n  f r o m  the wel l s
In addition, there is another factor which can adversely affect InGaAsP/InP lasers [35]. The 
conduction band offset is approximately 40 %  in this material system. This causes two 
problems. Electrons are not well confined in the wells leading to a small thermionic emission 
time giving rise to a reduced differential gain. Holes can be trapped in the wells implying a 
large barrier transport time. The combination of these two effects will govern the dynamics of 
InP-based MQW lasers [34, 35].
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Controversy still exists as to whether electron or hole processes limit the bandwidth of MQW 
lasers. Kan et al [36] have calculated, using a rate equation analysis incorporating quantum 
capture, that the bandwidth limitation may be caused by electron transport rather than hole 
transport since quantum capture of holes is faster than that of electrons. However, experimental 
work by Nagarajan et al [37] has shown experimentally by studying lasers with asymmetric 
SCHs that it is hole transport across the SCH which causes the low frequency roll-off in the 
modulation response of a quantum well laser. It is still unclear at the present time which carrier 
following which process is the limiting mechanism.
Optimised laser structures have been suggested based on experimental [38] and theoretical 
[36] work. These are based on reducing the carrier transport time and increasing the 
thermionic emission time. The transport time can be reduced by employing narrow SCH 
layers. The thermionic emission time can be increased with deep, wide wells and tall barriers. 
However, reducing the SCH may increase the threshold current since the layer width may not 
be optimised for maximum optical confinement factor. The optical field may spread out into the 
doped cladding layers causing the waveguide loss to increase. Deep wells with tall barriers may 
prevent carriers from being evenly injected into each well. Furthermore, wide wells imply that 
the fundamental quantised state may be close to the bottom of the well. Thus, the increase in 
differential gain predicted in MQW lasers may be negated. These problems may be overcome 
by p-doping the SCH to reduce hole diffusion time and p-doping the barriers to achieve 
uniform hole injection into the wells [38].
Optical modulation of the MQW laser by another laser at the appropriate wavelength has been 
suggested as a method by which the intrinsic response can be measured without transport 
effects [38]. This technique was originally developed to study the parasitic-free response of 
packaged devices [39]. It has been successfully used to study the response of strained MQW 
lasers with various numbers of wells [40]. This work came to similar conclusions to 
references 7 and 8  described in the introduction to this chapter. Lasers with large numbers of 
strained quantum wells exhibited the highest bandwidths.
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3.3 Experimental Apparatus
3.3.1 Acknowledgement
I would like to acknowledge the work of Dr. M.C. Tatham of BT Laboratories in setting up the 
RIN measurement apparatus and writing the data acquisition and analysis software described 
below. Emphasis will therefore be placed on the experimental results and the subsequent 
analysis.
3.3.2 Calibration of Relative Intensity Noise (RIN) Measurement Apparatus
There are considerable difficulties in accurate measurement of the laser RIN, both in accounting 
for the frequency response of the detection circuit and separating the contribution of the laser 
RIN from other sources of noise (thermal and shot). The method used relies on the frequency 
independence of shot noise to calibrate the spectral response of the detection system, enabling 
accurate quantitative measurements of laser RIN to be made without having to determine the 
receiver transimpedance or noise bandwidth.
The laser RIN was defined by equation (3.24) as:
9? (3.36)
<P>2
where (P) is the mean optical power and ( IAP(co)l ) is the noise power spectral density. The 
total RIN in a noise bandwidth Af is simply the product of 91 and Af.
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The RIN may be determined experimentally by measuring the RF component of the 
photocurrent generated in a high speed photodiode using an RF spectrum analyser and 
comparing with the DC photocurrent The experimental arrangement used to measure RIN is 
shown in Figure 3.5 in the next section. The measured electrical noise power is then given by
where Zt is the detection circuit transimpedance, relating the current generated in the 
photodiode to the actual voltage measured by the spectrum analyser. The number 50 appears in 
this equation since this is the input impedance of the RF spectrum analyser in ohms. The three 
current terms in equation (3.37) refer to:
(i) the thermal noise current in the detection circuit
(ii) the shot noise current generated in the photodio de due to quantum fluctuations in 
photon flux
(iii) the current generated by the laser RIN (excluding the shot noise component)
If Iph is the DC photocurrent then the last two terms may be written as:
whilst the thermal noise is independent of Iph. Af is the noise bandwidth. The main difficulty in 
quantitative measurements of RIN is the uncertainty in Zt(co) and Af. The latter is in principle 
straightforward, involving a correction for the Gaussian distribution of the noise current. The 
former is extremely difficult to determine accurately, being dependent on the frequency 
response of the photodiode, of the components used in the transmission of the RF signal (bias 
T , attenuators, cable, etc.), and of the spectrum analyser and preamplifier. The impedance 
mismatch of the photodiode gives rise to large oscillations in Zx(co), and though these may be
(3.37)
ishot2  -  2qIph-Af (3.38)
1RIN2 = Iph2.Af (3.39)
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reduced by introducing some attenuation, this is undesirable when measuring noise currents 
close to the receiver thermal noise. The accuracy is also limited by the reliability of the 
corrections required for measurements of noise, rather than sinusoidal signals, by the analyser.
The method used relies on 'white' shot noise generated in the photodiode to calibrate the 
frequency response of the receiver circuit. If the DC photocurrent, Iph, is reduced by optical 
attenuation of the laser beam (whilst the output power and hence the RIN, 91, are kept 
constant) then, as equations (3.38) and (3.39) show, the contribution of the RIN cuiTent (iRnvj) 
is reduced with respect to the shot noise current (ishot)* By choosing an optical source with low 
RIN, it is possible to adjust the optical attenuation such that iRiN is negligible in comparison 
with ishot* whilst the latter may still be accurately measured above the circuit thermal noise. 
Under such conditions, if the measured power is Ps(co) with DC photocurrent Is, and Pth is the 
thermal noise power, then the measured noise power P(co) of a test laser may be expressed as
P(CD) - Pth(co) = (2qI + 9?l2)/ (2qIs) (3.40)
Ps(0>) - Pth(co)
Thus the RIN, 91, may be accurately determined without a separate measurement of Zt and Af.
For the spectral calibration, a high power semiconductor laser was used as a low noise source. 
It can be shown from equation (3.27) that the peak RIN of a semiconductor laser varies 
approximately as 1/P3, hence the laser was operated at maximum output power. The 
contributions of thermal, shot and intensity noise were isolated by determining the constant, 
linear and quadratic contributions to the total measured noise power as a function of the dc 
photocurrent (Equations (3.37), (3.38) and (3.39)). At the maximum laser ouptut power, the 
noise power increased in a strictly linear fashion as the photocurrent was varied by optical 
attenuation. For lower output powers, the quadratic dependence of the noise revealed the 
increasing contribution from the RIN. Therefore operation of the laser at the maximum ouptut 
power was suitable for the spectral calibration.
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3.3.3 Description of Experimental Apparatus, Measurements and Analysis
F i g u r e  3 5 :  S c h e m a t i c  d i a g r a m  o f  e x p e r i m e n t a l  a p p a r a t u s  to m e a s u r e  R I N  spectra.
A  schematic diagram of the experimental apparatus used to measure the RIN spectra is shown 
in figure 3.5. The test laser was biased with a dc drive current. Its output was focussed 
through an optical isolator onto a wide bandwidth (>20 GHz) photodiode. A bias tee split the 
photocurrent so that the dc component was measured by a picoammeter while the ac signal was 
fed to the 22 GHz bandwidth rf spectrum analyser. Alignment of the laser was performed by 
maximising the dc current measurement on the picoammeter.
The entire measurement set-up was computer controlled. RIN spectra were taken at a number 
of different dc drive currents. Each spectrum was numerically fitted to theoretically expected 
shape of equation (3.27) so that the resonance frequency and damping could be computed at 
each output power. A typical set of measured RIN spectra US shown in figure 3.6. It can 
clearly be seen that, as expected, the resonance frequency increases with increasing laser output 
power. The damping, which is a measure of the width of the resonance peak, also increases.
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F i g u r e  3.6: T y p i c a l  m e a s u r e d  las e r  R I N  s p e c t r a  a t  t h r e e  different o u t p u t  p o w e r s .
Sets of RIN spectra such as those shown in figure 3.6 were analysed by another computer 
program. This plotted resonance frequency against the square root of output power in 
accordance with equation (3.17). The gradient of this graph is the so-called 'D-coefficient'. 
Solving equations (3.16) and (3.17) gives differential gain in terms of experimentally 
measurable quantities:
where D is determined from experimental data as in figure 3.7(a), hv is the lasing energy, V, 
the active region volume, is estimated from epitaxy data and scanning electon microscope 
photographs, T, the optical confinement factor, is calculated by the weighted index method 
[41], a m, the mirror loss, is calculated from 1/L{ln(l/R)}, where L is the device length and R 
is the facet reflectivity, and (Xi, the internal loss, is determined by the method described in 
Appendix B.
This software also plotted the damping of each spectrum against the square of the resonance 
frequency as prescribed by equation (3.20). The gradient of this graph is the damping
(3.41)
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coefficient K. The maximum intrinsic 3 dB bandwidth of the laser was then calculated from 
equation (3.22). Typical experimental analyses are presented in figure 3.7(a) and (b).
//power ^rhW) (Resonance Frequency)2 (GHz)2
(a) (b)
F i g u r e  3 . 7  T y p i c a l  e x p e r i m e n t a l  a n a l y s e s  o f  m e a s u r e d  R I N  s p e c t r a  to d e t e r m i n e  
(a) D  coefficient (b) d a m p i n g  f a c t o r
3.4 Experimental Results and Analysis
3.4.1 Plan
As stated in the introduction, the highest modulation bandwidths have been measured from 
lattice-matched MQW lasers with 16 quantum wells. Therefore, it was decided to measure 
lasers with 16 strained wells. However, such a structure may reach the critical thickness for 
growth if this large number of strained quantum wells are grown [42]. To avoid this problem, 
the barriers can be strained in the opposite sense to the wells to produce a zero-net-strain 
structure [43]. Lasers with 16 compressively-strained quaternary wells are also compared with 
these devices.
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An analysis is also made of lasers with various numbers of strained quaternary wells which are 
of different lengths. Although most of these structures are unsuitable for practical applications 
in high-speed telecommunications systems, these results are instructive since they give some 
insight into some of the mechanisms which determine the magnitudes of the various 
fundamental parameters that can be estimated from RIN measurements. A complete description 
of the active region structures of all the lasers studied in this chapter is presented in 
Appendix A.
3.4.2 Comparison of Buried Heterostructure Lasers with Sixteen Quantum 
Wells
Table 3.1 summarises the analysis of the RIN spectra from 16-quantum well buried 
heterostructure lasers. All lasers were 150 pm in length. These lengths were studied since such 
short cavities should exhibit lower damping due to reduced photon lifetime as predicted by 
equation (3.21). The active regions of these various types of devices are described in the first 
column. Although the RIN of only one of each type laser was studied, devices were chosen 
from many that had had their light-current characteristics measured thus screening out poor 
chips.
There are two ways of analysing these results. First, the absolute values of the various 
parameters shown in table 3.1 can be studied. Compared with the lattice-matched devices, only 
the zero-net-strain lasers show any improvement in D coefficient, differential gain, damping 
and maximum intrinsic 3dB modulation frequency. The measured differential gain is 
approximately 40% larger but this is offset by the reduction in optical confinement factor and 
internal loss leading to a lower increase in D as calculated by equations (3.16) and (3.17). The 
other two strained structures show either similar or lower values of the measured parameters.
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Active Region 
Structure
D coeff. 
(GHz/VmW)
Differential Gain 
(1 0 ' 16 cm^)
Damping Coeff. 
(ns)
Max. 3dB Freq. 
(GHz)
Lattice-matched 4.9 6 .1 0.23 39
Conventional
Strain
4.6 6 .1 0.26 34
Zero-Net-Strain 5.4 8.5 0 .2 1 42
Strained
InGaAsP
Wells
4.4 5.8 0.34 26
T a b l e  3.1 :  R e s u l t s  o f  R I N  a n a l y s i s  o f  v a r i o u s  t y p e s  o f  1 6 - q u a n t u m  w e l l  b u r i e d  h e t e r o s t r u c t u r e
lasers.
These lasers have different values of optical confinement factor, T, which appears throughout 
the theory presented in section 3.2. This is a critical parameter since the exchange between 
photons and electrons, described by the rate equations (3.1) and (3.2), takes place within the 
quantum well material. This suggests a second method of analysing the above data - 
comparison of MQW lasers with the same optical confinement factor.
The data presented in Table 3.2 incorporate results from table 3.1 for devices with 16 strained 
InGaAs quantum wells and those from lasers having 6  lattice-matched wells taken from 
reference 8 . These particular devices were chosen since their optical confinement factor is 
similar to the lasers with 16 strained InGaAs quantum wells. The additional data was taken 
from 1 0 0 0  Jim long devices to avoid the saturation effects described in the next section. 
Consequently, the damping coefficients cannot be compared due to the different cavity lengths 
and the subsequent effect on photon lifetime Tph.
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Active Region Structure Optical Confinement Factor,
r
Differential Gain 
(10"16 cm^)
Conventional
Strain
0.07 6.1
Zero-Net-Strain 0.07 8.5
6 lattice-matched quantum 
wells
0.08 4.1
T a b l e  3 2 :  R e s u l t s  f r o m  table 3 . 1  f o r  d e v i c e s  w i t h  1 6  s t r a i n e d  I n G a A s  q u a n t u m  w e l l s  w i t h  d a t a  
f r o m  1 0 0 0  p m  l o n g  l a t t i c e - m a t c h e d  las e r s  w i t h  6  l a t t i c e - m a t c h e d  q u a n t u m  w e l l s  
[8].
Table 3.2 tells a different story than table 3.1. A comparison of lattice-matched and strained 
MQW lasers with similar optical confinement factors reveals that an increase in differential gain 
can be achieved with strained layers. There is an improvement by a factor of 1.5 to 2. These 
results are consistent with the original concept and proposal for strained layer active regions in 
semiconductor lasers described in Chapter 1, which argued that the differential gain may be 
enhanced.
The data presented in table 3.2 impUj that properly designed lasers may show improved 
modulation characteristics. One approach may be to increase the number of strained InGaAs 
quantum wells to increase the optical confinement factor. Evidence for lasers having large 
numbers of strained quantum wells exhibiting improved characteristics does exist. Murata et al 
[40] have demonstrated, using an optical modulation technique as stated in section 3.2.6, that 
devices with twenty compressively strained quantum wells show increased differential gain and 
reduced damping compared to similar lasers with fewer wells. Carrier transport effects, 
however, may limit the operation of these devices when operated under injection current 
modulation. With such a large number of quantum wells, there may not be homogeneous
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distribution of carriers in the conduction and valence bands. Various reasons for this have been 
discussed in section 3.2.6. Nevertheless, the optical modulation technique has given some 
insight into the physics of strained layers.
There are many parameters which can influence a laser’s operating characteristics. Here, the 
optical confinement factor, T, was considered significant since, as stated above, the 
photon/electron interaction, which governs the modulation properties, takes place in the active 
region. The results presented in this section demonstrate that care must be taken when 
analysing experimental data from MQW lasers with a variety of different active region 
structures.
3.4.3 Variation of Differential Gain and Damping with Well Number and 
Length
■ 4 wells
• 8 wells
A 16 wells
500 1000
Length (pm)
F i g u r e  3.8: V a r i a t i o n  o f  m e a s u r e d  D  coefficient f o r  s t r a i n e d  q u a t e r n a r y  w e l l  b u r i e d  
h e t e r o s t r u c t u r e  lasers w i t h  4 , 8  a n d  1 6  q u a n t u m  wells.
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F i g u r e  3.9: V a r i a t i o n  o f  differential g a i n  w i t h  l e n g t h  f o r  s t r a i n e d  q u a t e r n a r y  w e l l  b u r i e d  
h e t e r o s t r u c t u r e  lasers w i t h  4 , 8  a n d  1 6  q u a n t u m  wells.
In figures 3.8, 3.9 and 3.10 are plotted the variation with length of the measured D coefficient, 
differential gain and damping coefficient of buried heterostructure lasers with 4, 8  and 16 
strained quaternary quantum wells. The data presented in figure 3.9 are obtained from the 
values in figure 3.8 using equation (3.41). Also plotted in figure 3.10 is the calculated length 
dependence of the contribution of the photon lifetime to the damping coefficient, 4jt2 .xph, from 
equation (3.21). The photon lifetime was calculated using the relation Xpif1 = vg(am + cq) 
[44]. The values of internal loss, oq, used in these calculations were 15 cm-1, 23 cm-1 and 
41 cm-* for the 4-, 8 - and 16-well devices respectively. These values were calculated by the 
method described in Appendix B. They are comparable to those measured from lattice-matched 
lasers with the same number of quantum wells. Therefore, any difference in the damping is due 
to the effect of strain on the differential gain and the gain suppression.
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Most published data tends to be from devices which are optimised for high speed applications 
whereas the buried heterostructure lasers shown in these plots may have bandwidths limited by 
parasitic impedances even with the optimised blocking structures described in the introduction 
to this chapter. In this section, the length-dependence of the properties of lasers with different 
numbers of wells will be analysed first. Then the effect of well number will be discussed.
4 strained InGaAsP quantum wells
Solving equation (3.41) in terms of the D coefficient gives [11]:
b u r i e d  h e t e r o s t r u c t u r e  lasers w i t h  4, 8  a n d  1 6  q u a n t u m  wells. T h e  c a l c u l a t e d  
c o n t r i b u t i o n s  f r o m  t h e  p h o t o n  lifetimes a r e  i n d i c a t e d  b y  t h e  s o l i d  a n d  d a s h e d  
lines.
-,1/2
(3.42)
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where w and t are the active layer width and thickness respectively. This equation shows that in 
the absence of gain saturation, the D coefficient should decrease with increasing device length. 
Such a trend is not seen in figure 3.8 for the short (< 500 pm) 4-well lasers resulting in a 
substantial decrease in differential gain compared to longer devices as shown in figure 3.9. In 
figure 3.10, the length dependence of the contribution from the photon lifetime is not reflected 
in the measured variation of the damping coefficient of the shorter devices. K increases instead 
of decreasing. These results suggest that gain saturation may be occurring in these lasers.
It was calculated in Chapter 1 that the optical gain in quantum well structures is non-linear. As 
the threshold carrier density increases, the differential gain decreases. The analysis of the 
results in Chapter 2 showed that short 4-well lasers may operate on the region of the gain- 
carrier density curve where the decrease in differential gain is significant. Greater injected 
carrier densities are required to overcome the increased mirror losses in short cavity devices 
thus causing a reduction in differential gain. This explanation is consistent with the 
experimental measurements plotted in figure 3.9. Figure 3.10 shows that the photon lifetime 
makes only a small contribution to the damping for short cavity lengths and so the increase in 
damping can also be attributed to the gain saturation effect (see equation (3.21)). This 
phenomenon has been seen before in lattice-matched MQW lasers [8 ]. These results suggest 
that when analysing RIN results from lasers with small numbers of quantum wells, devices 
with long cavity lengths should be studied. This minimises gain saturation effects in order to 
determine the actual values of the active region parameters.
8  strained InGaAsP quantum wells
The results plotted in figure 3.8 show that, for the lasers with eight quantum wells, the 
measured D coefficients exhibit the trend of decreasing with increasing device length. 
Consequently, figure 3.9 shows that the differential gain is approximately independent of 
length. This suggests that little or no gain saturation is occurring in this set of devices. The 
damping coefficients, shown in figure 3.10, follow the calculated length dependence of the
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photon lifetime thus confirming the lack of gain saturation. Hence, the actual values of these 
parameters for this active region structure are as measured.
16 strained InGaAsP quantum wells
Only results for lasers up to 800 pm in length are plotted. Above this length, the devices lased 
in two transverse optical modes since only in the longer lasers is there sufficient gain for a 
second mode to lase. There may be some competition between modes in the shorter cavities 
and the influence of a higher order optical mode may be evident in the measurements from 
shorter chips. Two distinct peaks were seen in both the optical and the RIN spectra. The theory 
presented in section 3.2 is only valid for single-moded lasers. Therefore, it cannot be used to 
analyse these results. Nevertheless, as for the 8 -well devices, the results for the short 
(< 800 pm) 16-well lasers plotted in figure 3.8 exhibit the trend of decreasing D coefficient 
with increasing length.
The effect of well number
To avoid gain saturation effects, only longer cavity lengths should be considerd. 
Unfortunately, the results from the lasers with 16 quantum wells cannot be compared 
explicitly.
As has been stated many times within this thesis, above transparency, the differential gain 
decreases as the carrier density in the quantum well increases because of the sublinearity of the 
gain versus carrier density dependence. For a given value of modal gain, the differential gain 
increases as the number of quantum wells increases because the carrier density required per 
well decreases. However, the net optical gain required for threshold also depends on the optical 
confinement factor and the cavity internal loss. With knowledge of these parameters for these 
three sets of lasers, it is possible to estimate the threshold gain required. Hence, the relative
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values of differential gain may also be estimated from simple parameters taken from the static 
characteristics of these devices.
The threshold material gain per well can be estimated from:
&i + OCfngm —  (3.43)
Nwr w
where Nw is the number of quantum wells and Tw is the optical confinement factor per well. 
Table 3.3 contains all the relevant information required to carry out this simple calculation. To 
avoid gain saturation effects and to minimise mirror losses, lasers 1 0 0 0  jam long have been 
analysed.
The 4-well laser requires the greatest gain per well. Given the sublinearity of the gain-carrier 
density relation, it should therefore be expected that lasers with 4 quantum wells should exhibit 
the lowest values of differential gain. The results presented in figure 3.9 show that this is not 
so.
Number of 
Wells
Optical Confinement 
Factor, NwT ^
Internal Loss, (cm-1) Threshold material sain per 
Well forJ0 0 0 limJ.aS.er, (cm-1)
4 0.03 15 850
8 0.09 23 400
16 0 . 2 0 41 270
T a b l e  3 3 :  O p t i c a l  c o n f i n e m e n t  factors, internal losses a n d  t h r e s h o l d  m a t e r i a l  g a i n s  f o r  the t hree 
s t r a i n e d  I n G a A s P  q u a n t u m  w e l l  active r e g i o n  structures.
This very simple analysis has assumed an equal distribution of all electrons and holes in the 
quantum wells within the conduction and valence bands. In reality, however, the carriers are
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not evenly distributed and a significant proportion may exist in barrier and SCH states. For an 
uneven distribution of carriers between the quantum wells, the total effective material gain will 
be a sum of the gains from individual wells:
gmtot = glfai) + g2 (n2 > + ^  + gn(nn) (3-44)
Some wells may experience greater gain saturation than others. In extreme cases, quantum 
wells below transparency may be optically pumped by others with very high carrier 
populations. Uneven distribution of carriers will therefore result in an ’effective differential 
gain’ for the whole active region structure. The extent to which this phenomenon occurs is 
dependent on carrier transport effects. 'Hole trapping’, which has been predicted to occur in 
InP-based MQW lasers [35], would cause the wells closer to the p-doped side of the active 
region to be more heavily populated thus reducing the differential gain relative to wells on the 
n-doped side. It would also introduce a low frequency ’roll-off in the modulation response 
and increase the damping.
Calculations on the effect of well number on the dynamic properties of MQW lasers have been 
carried out by several authors. Arakawa et al [45] showed that differential gain is independent 
of well number. These calculations assumed that the current scales for multiple quantum wells 
compared to that for a single well and so the fermi levels were fixed. Zhao et al [46] have 
included the effect of carrier population in the barrier and SCH layers in further calculations. 
By accounting for the thermal population of injected carriers in the optical confining layers, an 
increase in differential gain was seen as the number of quantum wells is increased. In a single 
quantum well laser, the high carrier density required for lasing causes the fermi level to 
approach the top of the well thus thermally populating the barrier states. These carriers do not 
contribute to the optical gain leading to reduced differential gain. In an MQW laser, the 
necessary total gain is achieved with lower population in any one well resulting in lower state- 
filling in the barrier regions. This more efficient use of injected carriers is the cause of the 
increased differential gain with well number. Calculations for AlGaAs lasers with a single and
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five quantum wells showed an increase by a factor of 1.5. However, Uomi et al [47] have 
claimed, based on experimental results, that for InGaAsP/InP lasers with more than 10 wells, 
there is poor injection efficiency of heavy holes into each well. This effect was used to explain 
the observed reduction in differential gain and increase in damping in DFB lasers with 15 
quantum wells. An increase in differential gain with quantum well number has been seen 
experimentally in both lattice-matched [8 ] and strained MQW lasers [40]. The opposite trend 
is seen in the experimental results shown in figure 3.8 with the most probable explanation 
being carrier transport effects.
3 .5  Conclusions
Relative intensity noise (RIN) measurements have been carried out on a variety of lattice- 
matched and strained layer MQW buried heterostructure lasers. The experimental results 
showed that no significant improvement in the intrinsic modulation response was exhibited by 
strained devices compared to lattice-matched lasers with the same number of quantum wells. A 
comparison of lattice-matched and strained layer lasers with the same optical confinement 
factor, and hence the same active region volume, showed an improvement in the differential 
gain for the strained devices by a factor of 1.5 to 2. This suggests that a properly designed 
strained layer laser can exhibit an improved modulation response.
For the first time, the RIN of lasers unsuitable for high speed applications has been studied in 
order to determine length and well-number dependence of differential gain. Saturation effects 
can be reduced in longer length lasers with few quantum wells. Consequently, the highest 
values of differential gain were measured in these devices. This indicates how the operating 
point on the non-linear gain versus carrier density curve can influence the values of 
fundamental laser parameters. This result is significant since the differential gain is an 
important parameter in many other laser characteristics as well as the dynamic response.
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The highest reported electrical modulation bandwidth for an InP-based laser is 25 GHz for a 
structure with eight compressively-strained quantum wells [48]. However, the best result 
from a bulk active region laser is 24 GHz [49] so incorporating strain has not yet led to a 
significant improvement. These values are well below the predicted intrinsic responses of 
30 - 40 GHz and so either parasitic capacitances or some other intrinsic effects may be 
limiting the bandwidths of these lasers.
Possible fundamental reasons for these intrinsic effects were discussed. These were non-linear 
gain and carrier transport effects, both of which are not well understood. Carrier transport 
processes include finite diffusion time for carriers to cross the separate confinement and 
barriers into the wells, carrier capture into the wells, quantum tunnelling through the barriers 
and thermionic emission from the wells into barrier states. In addition, the band offsets in InP- 
based lasers cause enhanced thermionic emission of electrons and reduced hole diffusion 
compared to GaAs-based devices. Non-linear gain can arise due to gain saturation as a result of 
high carrier and photon densities.
Careful design of MQW laser active regions can reduce both non-linear gain and carrier 
transport effects. However, these effects can never be eliminated fully and may limit the 
dynamic response of both lattice-matched and strained MQW lasers to values comparable to 
those exhibited by standard bulk active region lasers. Although measurement of the RIN was 
originally developed to aid in the assessment of lasers for high-speed applications, the work 
described in this chapter demonstrates that this method can be used to assess various device 
structures for a variety of different applications.
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Chapter 4: An MQW Grating External Cavity Laser Operating at 1.3 pm
4.1 Introduction
Tunable, narrow linewidth lasers are highly desirable components for many reasons. In 
telecommunications applications, such devices are needed in coherent optical transmission 
systems [1]. In these systems, narrow laser linewidths, typically of less than 100 kHz, may be 
required for various modulation/demodulation formats. Conventional single-mode 
semiconductor lasers such as DFBs and DBRs have linewidths which are, in general, one or 
two orders of magnitude greater than necessary for coherent detection. This problem may be 
overcome by using a semiconductor laser placed in a grating external cavity. As this chapter 
will show, these lasers can exhibit narrow linewidths over a wide tuning range.
Other applications include devices to replace gas and dye lasers. These may be very inefficient 
coherent sources often requiring other high power lasers for optical pumping. Semiconductor 
lasers are highly efficient optical sources and under the appropriate experimental set-up can 
produce high power optical pulses.
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Figure 4.1: Schematic diagram of a generalised tunable external cavity semiconductor laser. 
The antireflection coating is optional.
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The basic concept of a tunable external cavity laser is shown in Figure 4.1. Feedback is 
obtained from a wavelength selective reflective element which is usually a diffraction grating. 
This element has some method of altering the wavelength it reflects and thus of tuning the 
output of the laser e.g. rotation of a diffraction grating. The antireflection coating is optional. It 
removes feedback from the semiconductor cavity Fabry-Perot modes and so light is 
concentrated into the single mode selected by the reflective element. The total cavity length is 
the distance between the output facet of the semiconductor chip and the reflective element. 
Wavelength, tuning range, linewidth and output power are the key parameters in describing the 
operation of an external cavity laser.
This chapter describes the design and fabrication of the first MQW external cavity laser 
operating at 1300 nm. Section 4 .2  introduces the concept of bandfilling. This is the 
fundamental effect which enhances the characteristics of MQW devices compared to bulk active 
region lasers. A historical survey of the development of semiconductor external cavity lasers is 
given in section 4.3. The design of the 1300 nm laser is then detailed in section 4.4. This was 
based on much of the work described in section 4.3. Experimental results are given in section 
4.5. These show that this novel device is a suitable candidate for the applications described 
above. The conclusion then summarises the work described in this chapter.
4.2 Band Filling in Semiconductor Lasers
Electrons injected into the active region of a semiconductor laser have a finite lifetime. Since 
electrons are fermions, they obey the Pauli exclusion principle and so cannot occupy the same 
energy state as others in the crystal. Therefore if electrons are injected at a faster rate than they 
can recombine, higher energy states in the conduction band will become occupied. Radiative 
recombination can occur from these higher states resulting in a broadened spontaneous 
emission spectrum.
1 0 2
(a) (b)
Figure 4 2 :  Schematic densities of states of (a) bulk a n d  (b) quantum well material injected with 
equal numbers of electrons per unit volume of active region.
The density of states of the active region of the laser is one of the key parameters in 
determining the wavelength spectrum of the spontaneous emission. It was shown in Chapter 1 
that the density of states for an isolated quantum well is different from that of a bulk 
semiconductor. The density of states is conventionally approximated by a parabola for bulk 
material but in a quantum well it has a 'step-like' structure. This is shown schematically in 
Figure 4.2. For a given energy above the lowest confined state in the quantum well, the 
number of available states is lower. Consequently, the density of states per unit volume of 
active region is lower.
Because of the differences in the density of states functions between bulk and quantum well 
material and assuming parabolic bands:
1 0 3
A E f i U L K  0 0  N 2 / 3 ( 3 . 1 )
where AE is the range of filled energy states and N is the number of injected carriers per unit 
volume of active region. Thus for a given value of N, AE will be larger in quantum well 
material.
Qualitatively, consider injecting the same number of electrons per unit volume of active region 
into both bulk and quantum well structures to fill up a range of energy states A Eb u l k  and 
A E q w - E  can clearly be seen from figures 4.2(a) and (b) that AEq w  >  A Eb u l k  due to the 
difference in the densities of states. Since a greater range of energy states is filled in the 
quantum well, a wider wavelength range of spontaneous emission may be expected. Since the 
number of states for a given energy is lower than for bulk active region structures above the 
lowest confined state in the quantum well, lower emission intensity at each wavelength may be 
observed.
In addition, because quantum wells are, by their very nature, much narrower than bulk active 
regions, for a given drive current there can be more injected carriers per unit volume of active 
region. This phenomenon may also contribute to band-filling effects.
The curvature of the conduction and valence bands in the active region of the device depends 
on the effective masses of the injected carriers. In bulk indium phosphide and lattice-matched 
InGaAs and InGaAsP, the effective mass of electrons is about an order of magnitude less than 
that of heavy holes. This results in a large asymmetry in the band structure. Consider 
figure 4.3. Holes may exist in region A of the valence band at low carrier injection in particular 
device structures. If rigid k-selection is assumed, then there is a low probability of these holes 
recombining radiatively with electrons due to the band structure asymmetry. While this has the 
effect of reducing the stimulated emission efficiency, band filling is enhanced. The wavelength
A E q w  0 0  N  ( 3 . 2 )
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range available for optical gain is increased since any of the electrons in the conduction band 
may recombine radiatively with holes in the valence band subject to k-selection.
£
Figure 4.3: Schematic diagram of the b a n d  structure of bulk InP a n d  lattice-matched I n G a A s  
a n d  InGaAsP. D u e  to the asymmetry of the conduction a n d  valence bands, holes 
with wavevectors in region A  have a  low probability of recombining with electrons 
if rigid k-selection is assumed.
In material with the appropriate amount of compressive or tensile strain, the electron and hole 
effective masses have been calculated to be about equal, implying symmetrical conduction and 
valence bands. So, although this has been predicted to produce better lasers, it may be 
detrimental to devices which utilise enhanced band filling.
In order to demonstrate band filling effectively and utilise this effect in practical applications, 
optical feedback must be reduced to suppress stimulated emission and the onset of lasing. This 
can be done by increasing the mirror losses by employing short laser cavities or lowering the
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facet reflectivities by deposition of a dielectric antireflection coating, angled or buried facets, 
physical damage or chemical treatment
4.3 Historical Review of the Development of Semiconductor External Cavity 
Lasers
4.3.1 GaAs-Based Bulk Active Region Devices
A tunable external cavity laser was first reported by Edmonds and Smith of IBM in 1970 in a 
paper on second harmonic generation [2]. A diffraction grating was used to narrow the lasing 
bandwidth of a GaAs diffused junction device. The laser was operated under pulsed conditions 
at room temperature. A tuning range of approximately 10 nm was achieved about a centre 
wavelength of 900 nm. There had been previous papers on GaAs lasers operating in an 
external cavity [3-5] but optical feedback was obtained from mirrors rather than a grating and 
so these devices were not tunable.
A series of papers describing the room temperature pulsed operation of single heterostructure, 
double heterostructure and large optical cavity AlGaAs/GaAs external cavity lasers was 
published by Rossi and co-researchers at the Lincoln Laboratory, MIT [6-9]. A high output 
power of 3 W  into a narrow linewidth of 0.4 A was achieved. Tuning of more than 30 nm was 
demonstrated. Wavelength selective characteristics such as threshold current, output power and 
Q-switching were studied. The authors were able to obtain information on gain profile, carrier 
dynamics and band structure to help interpret the behaviour of conventional uncoated lasers. 
This work culminated in the construction of a portable compact flashlight-size device [10].
CW operation at 77 °K was reported in 1972 by Ludeke and Harris, also at IBM [11]. 
Tunability of 15 nm about 852.5 nm was achieved. The device operated in a single mode up to 
17 mW output power and the linewidth was estimated to be around 350 MHz. This was
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extended to CW operation at 300 °K two years later by Paoli et al at AT&T Bell Labs [12]. An 
uncoated stripe geometry GaAs/AlGaAs double heterostructure laser was used to achieve this. 
Further developments in GaAs-based external cavity devices have been in improving the 
frequency stability [13] and reducing the linewidth [14].
4.3.2 InP-Based Bulk Active Region Devices
As InP-based devices were developed for telecommunications applications, it was natural that 
external cavity lasers would be constructed. Wyatt and Devlin at BT Labs developed an 
InGaAsP device operating at 1.5 pm in 1983 [15], This had a tuning range of over 55 nm and 
an extremely narrow linewidth of 10 kHz. The tuning range was extended to 135 nm by Wyatt 
and colleagues in a subsequent paper [1]. Linewidths were further reduced to less than 1 kHz. 
The technology was developed to such an extent that a rugged miniature packaged external 
cavity laser was constructed [16], It had a tuning range of 50 nm and 4 mW was launched 
into a single-mode optical fibre. Figure 1 of reference 16 shows a photograph of this device 
easily fitting into the palm of the hand.
External cavity lasers incorporating bulk active region InP-based lasers are commercially 
available. Packaged devices with optical fibre pigtails which operate at around either 1.3 pm or
1.55 pm can be purchased from HP [17]. The typical tuning range is 40 nm with 0.5 mW 
output power launched into the single mode fibre.
4.3.3 GaAs-Based MQW Devices
External cavity lasers utilising MQW lasers were first reported by Epler et al in 1983 in a 
collaboration between the University of Illinois at Urbana and Xerox Palo Alto Research 
Centre [18]. The laser tuned 50 nm from 780 nm to 830 nm under CW operation. The
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apparatus was not optimised and high currents were not injected in order not to damage the 
device. The effect of bandifilling in the quantum wells was evident in the spontaneous emission 
spectrum. This exhibited two distinct features corresponding to the n = l and n=2  
electron-* heavy hole transitions.
The same collaboration fabricated a device for high power operation by utilising a 
superluminescence light-emitting diode [19]. This was a multiple stripe MQW laser with an 
extremely low-reflectivity (RclO -4) optical coating on the front facet. Such a coating was 
required since coupled stripe devices that are optimised for high power output [20] exhibit a 
much weaker tendency to band fill [21] and thus a reduced tuning range because of the 
increased volume of the active region. A tuning range of 46.5 nm and output powers of 75 mW  
were measured. The tuning range increased to 64 nm under pulsed current injection.
Further improvements in tunability were obtained by Mittelstein et al at Caltech and Ortel who 
modelled the optical gain in a single quantum well [22]. The device lengths were chosen so 
that free-running, the individual chips lased from the second confined state. A tuning range of 
85nm around 800 nm emission wavelength was demonstrated. Approximately 200 mW output 
power was measured over most of the width of the tuning range.
The incorporation of pseudomorphic InxGai_xAs quantum wells into AlGaAs/GaAs 
heterostructures increased the tuning range of external cavity lasers by increasing the 
wavelength range to which these devices could be tuned. Hall et al at the University of Illinois 
at Urbana together with colleagues at Polaroid fabricated a device which tuned 100 nm and 
130 nm under CW and pulsed injection currents respectively [23]. Tuning to 971 nm was 
demonstrated whereas previously the longest lasing wavelength was 850 nm.
Tuning to even longer wavelengths was achieved by Eng et al at Caltech [24] by incorporating 
more strain into the psuedomorphic InxGai-xAs quantum well. Their laser tuned 180 nm from 
840 nm to 1020 nm. A GaAs quantum well laser was studied in the same paper. A total tuning
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range of 740 nm to 1020 nm was achieved with the two devices. This represents the total range 
of wavelengths which can be achieved with InxGai-xAs/GaAs-based quantum well devices. To 
extend the tuning range to shorter wavelengths, a higher carrier confinement barrier than is 
available in AlxG ai.xAs is necessary. Shorter wavelengths can be achieved, however, by 
growing structures with GalnP quantum wells. Longer wavelengths cannot be achieved since 
there is a critical thickness limit on the strained InxGai_xAs quantum well [25] so that 
eventually quantum confinement effects cancel band shrinkage effects.
4.3.4 InP-Based MQW Devices
The first papers on MQW external cavity lasers operating at around 1.55 pm were published 
almost simultaneously by Bagley et al at BT Labs [26] and Lidgard et al at AT&T Bell Labs 
[27]. The BT Labs device exhibited a tuning range of 242 nm from 1.320 pm to 1.562 pm. 
Thus, this device was almost suitable for use at both optical fibre low-loss windows. The laser 
from AT&T Bell Labs exhibited a slightly lower tuning range of 200 nm from 1.44 pm to 
1.64 pm. A third paper was published a few months later by Tabuchi et al from Fujitsu [28]. 
This device tuned 244 nm. Examination of the spontaneous emission spectra from all three 
references [26-28] showed that as the injected current was increased, a second peak appeared 
at shorter wavelengths. The authors attributed this feature to emission from the second 
quantised state. This was responsible for the extremely wide tuning range demonstrated by 
these devices.
At the time of writing, there has been only one report of the development of an MQW external 
cavity laser operating at 1.3 pm [29]. This is the work which is described in the remainder of 
this chapter.
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4.4 Device Design
The design of the quantum well external cavity lasers for use at 1.3 pm was based on the 
previous work described in Section 4.3. More attention, however, was paid to the results from 
the devices which operated at 1.5 pm [26-28]. This was because the 1.3 pm lasers were also 
fabricated in the InGaAsP/InP materials system and so device characteristics were expected to 
be similar.
A device with a tuning range across the 1.3 pm optical fibre window was desired. Examination 
of the spontaneous emission spectra in the previously published work on MQW external cavity 
lasers showed that at low carrier injection, emission occurred at around the band gap. As the 
drive current is increased, this emission extends to shorter wavelengths. Therefore, a quantum 
well structure with a band gap of around 1.35 pm was required. As stated above, these 
external cavity lasers were based on the devices which operated at around 1.5 pm. In order to 
maintain this similarity, a structure with four quantum wells was modelled.
In figure 4 .4  is plotted the calculated bandgap against quantum well width for lattice-matched 
InGaAs. Wells of this material, 90 A -1 0 0  A in width, were employed in the 1.5 pm external 
cavity devices. These devices used InGaAsP barriers with a bandgap of 1.25 pm - 1.3 pm but 
since this is in the desired lasing wavelength range, barriers of bandgap 1.1 pm were 
considered for this application. The thickness of the lattice-matched InGaAs wells required to 
achieve a bandgap of 1.35 pm is less than 30 A. Using values of refractive index data from 
Pearsall [30] and the weighted index method [31], wells of this size result in a low total 
optical confinement factor for all four wells of only 2.2 % which may have a detrimental effect 
on the eventual device performance since the net modal gain is reduced. The slope of the curve 
at this point is such that small fluctuations in well width lead to smearing in the energy level of 
the confined state. This may also deteriorate the lasers' characteristics but may broaden the 
spontaneous emission and gain spectra.
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Figure 4.4: B a n d g a p  against qua n t u m  well width for lattice-matched I n G a A s  a n d  I n G a A s P  
(Xg-1.45 p m )  wells a n d  I n G a A s P  (Xg=l.l p m )  barriers
To overcome these problems, lattice-matched quaternary wells of band gap 1.45 fim were 
chosen. This allowed an increase in the well width to around 70 A. The graph of calculated 
bandgap against well width for this well material is also plotted in Figure 4.4. The total optical 
confinement factor was now increased to 4.1 % and the effect of width fluctuations on the 
energy levels was reduced.
The requested device structure consisted of four 70 A InGaAsP (A,g=1.45 |im) quantum wells 
separated by three 100 A InGaAsP (A,g= l . l  fim) barriers with a separate confinement 
heterostructure (SCH) of 0.2 fim thick InGaAsP (Ag= l .l  Jim) on each side of the well/barrier 
stack. The thickness of the separate confinement heterostructure was chosen to maximise the 
optical confinement factor in the wells. A schematic diagram of the band structure of the device 
is shown in Figure 4.5.
I l l
Conduction Band
0.2pm InGaAsP 
(Ag=l.l pm) SCH
0.2pm InGaAsP 
(Xg=l.l pm) SCH
InP 70A InGaAsP (Xg=1.45 pm) wells 100A InGaAsP (Xg=l.l pm) barriers InP
Valence Band
Figure 4 5 :  Schematic diagram of the b a n d  structure of the 1.3 p m  M Q W  external cavity laser
4.5 Experimental Results
4.5.1 1.3 pm MQW FP Laser Results
The structure designed in the previous section was grown and fabricated into broad area and 
buried heterostructure lasers. Growth and fabrication details are given in Appendix A. Pulsed 
threshold current density versus the reciprocal of the cavity length for the broad area lasers is 
plotted in Figure 4.6. A logarithmic scale is used for the threshold current densities following 
the work of Mcllroy et al [32]. Values for devices of length 500 pm and over are less than 
1 kA cm-2 . This demonstrates the excellent quality of the epitaxy. Extrapolating this plot gives 
a value of 620 A cm*2 as the infinite length threshold current density.
1 1 2
10000
Figure 4.6: Pulsed threshold current density against reciprocal cavity length for broad area 
1.3 p m  M Q W  lasers. Note the logarithmic scale on the y-axis.
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Figure 4.7: C W  threshold current against length for 1.3 p m  M Q W  buried heterostructure 
lasers.
The CW threshold current at 20 °C versus length for the buried heterostructure lasers is shown 
in Figure 4.7. Threshold current increases are seen for the shorter devices, possibly due to gain
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saturation. The lowest value of threshold current was 8.4 mA for a 500 pm long chip. The 
internal losses were determined to be 7 cm-1 by plotting the reciprocal of efficiency at threshold 
against length. More details of this calculation are given in Appendix B. This low value of 
internal loss is essential for high output power. Indeed, a 1000 pm long laser emitted 60 mW 
per facet into a broad area detector at 350 mA drive current
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Figure 4.8: Lasing wavelength at threshold against length for the 1.3 p m  M Q W  buried 
heterostructure lasers
The lasing wavelength at threshold versus length was also measured and is plotted in Figure 
4.8. The difference in lasing wavelength between the 200 pm and 1000 pm long devices is 
approximately 40  nm. This demonstrates the enhanced band filling occuring in these MQW 
structures.
Adams has shown, using an exponential band tail model, that the lasing energy is proportional 
to the natural logarithm of the photon lifetime which in turn is proportional to the reciprocal of 
the laser cavity length [33], Thus the lasing energy is proportional to the logarithm of the 
inverse cavity length. Figure 4.9 replots the data of figure 4.8 in this form demonstrating that a 
linear relationship exists between lasing energy and reciprocal cavity length for these lasers. A
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similar relationship should exist for both bulk and quantum well lasers since this effect occurs 
due to the bandstructure and not the density of states. The change density of states and volume 
effect described in section 4.2 will affect the slope of the line in figure 4.9 such that with 
greater band filling, the gradient will increase.
1/Length (cm*1)
Figure 4.9: The data of figure 4.8 replotted as the natural logarithm of the losing energy against 
reciprocal cavity length.
4.5.2 External Cavity Laser Chips
A bar of 500 pm in width was cleaved from the wafer of buried heterostructure lasers and a 
broadband multilayer dielectric antireflection coating deposited on one facet. This coating, 
developed at BT Labs, consisted of three layers - alumina, silicon and silica. Conventional 
electron beam evaporation by Balzers 640K apparatus was used to deposit these layers. Layer 
thicknesses were controlled to ± 2  nm resulting in a facet reflectivity of less than 0.1 %. The 
plane wave optical bandwidth of such coatings is typically 250 nm. However, modal
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reflectivity and not plane wave reflectivity is the important parameter and so the coating was 
designed for this particular device structure [34]. The bar was then scribed into individual 
chips. These were bonded junction-side down to matched length metallised diamonds with 
gold-tin solder. The CW threshold current of an uncoated laser of the same length at 20 °C was
8.4 mA as mentioned above. The lasing wavelength at threshold was 1.38 pm and it exhibited 
an external efficiency of 0.19 mW mA-1 per facet
4.5.3 Experimental Apparatus
A schematic diagram of the experimental apparatus is shown in Figure 4.10. The overall laser 
cavity was formed between a 1200 lines mm-1, gold coated diffraction grating and the output 
facet of the laser chip. The external cavity was approximately 25 cm long. Light from the 
coated facet of the laser chip was collimated by a x l8  0.54 NA antireflection coated microscope 
objective lens onto the grating and back into the device itself to provide the optical feedback. 
The output light was focussed by a similar antireflection coated microscope objective lens into 
an optical fibre. The other end of this fibre was connected to either the input of an Ando 
AQ6310B optical spectrum analyser or an optical power meter.
Grating
Light reflected 
back into chip
AR-coated lenses
A A
||| Laser |gg
chip 11
t
Light focussed 
into optical fibre
Antireflection coating
Figure 4.10: Schematic diagram of the experimental apparatus : a  single facet antireflection- 
coated 1 3  p m  M Q W  laser chip in an external cavity
1 1 6
The external cavity laser was set up and studied as follows. With the optical fibre connected to 
the power meter, current was injected into the laser chip and the emitted light focussed into the 
fibre until the coupled output power was maximised. The fibre was then input to the optical 
spectrum analyser. Light emitted from the antireflection coated facet was then focussed via the 
grating back into the chip with the other lens until a single optical mode was seen on the screen 
of the analyser. The external cavity laser was tuned by rotating the diffraction grating.
4.5.4 Experimental Results
Wavelength (pm)
Figure 4.11: Spontaneous emission spectra under injection currents of 5 0  m A  a n d  2 0 0  m A .
The operation of the solitary single facet antireflection coated laser was initially studied. 
Figure 4.11 shows the spontaneous emission spectra at injection currents of 50 mA and 
200 mA at 20 °C. At the higher current, the residual reflectivity is sufficient to support the 
resonance of Fabry-Perot modes but laser oscillation is effectively suppressed. As expected, 
the spontaneous emission at low injection current occurs at around the band gap. Compared
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with the previous work on the 1.5 pm devices, however, the wavelength peak does not shift 
significantly as the current is increased and there is no evidence of a second peak appearing at 
shorter wavelengths. This is consistent with there being only one confined state in the 
conduction band. There is almost no increase in intensity at longer wavelengths as the injection 
current is increased. Significantly higher output power is only seen at shorter wavelengths and 
not across the entire spectrum. This is clear evidence of band filling in the quantum wells since 
as more carriers are injected into the device, only higher energy states are available to be filled.
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Figure 4.12: Threshold current dependence on wavelength for external cavity operation
The device was then inserted into the experimental apparatus and set up and studied as 
described in the previous section. A plot of CW threshold current against wavelength as 
selected by the grating is given in Figure 4.12. A continuous tuning range of over 160 nm from 
1.255 pm to 1.417 pm was achieved. The lowest threshold current of 36 mA occurred at
1.380 pm. Figure 4.12 can be instructively compared with Figure 4.11. It can clearly be seen 
that the lowest threshold currents occur at around the spontaneous emission peak. These are the 
wavelengths at which there is the greatest optical gain and hence lower current densities are 
required to achieve lasing.
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Figure 4.13: Losing spectra across the tuning range at 40 0  m A  drive current
Emission spectra at the centre and extremes of the tuning range at 20 °C are shown in figure 
4.13. Throughout the tuning range, the power was concentrated into a single mode. The side 
mode suppression was over 20 dB across the entire tuning range and over 40 dB at the centre. 
The peak output power was 40 mW into a broad area detector at a wavelength of 1.336 Jim and 
drive current of 400 mA. The output power was probably limited by thermal effects on the 
500 pm long chip. These may have resulted in increased non-radiative recombination 
processes such as carrier leakage over the heterostructure and around the active region of the 
buried heterostructure device as described in Chapter 2. Higher output powers may be possible 
by employing longer chips as was seen for the uncoated lasers. This, however, will decrease 
the band filling. Higher currents will have to be injected to achieve the same carrier density and 
band filling but this will increase thermal problems. Therefore, the final optimised design of 
this external cavity laser for practical applications will be a compromise between tuning range 
and output power.
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Figure 4.14: Spontaneous a nd  stimulated emission at 2 0 0  m A  drive current
Finally, Figure 4.14 illustrates and summarises most of the main points about quantum well 
external cavity lasers and band filling which have been described previously in this chapter. 
The figure depicts graphs of stimulated and spontaneous emission spectra at 200 mA injection 
current i.e. the output spectra with and without feedback from the diffraction grating. The 
grating was aligned to provide optical feedback at 1.380 pm, close to the gain peak. 
Examination of the spectra reveals many interesting features. At wavelengths longer than the 
stimulated emission peak, the spectra overlap. At shorter wavelengths, the Fabry-Perot modes 
which are clearly visible in the spontaneous spectrum are absent from the stimulated emission. 
This may indicate that the quantum wells are acting as carrier reservoirs. With no feedback, the 
wells will fill with carders until an equilibrium is reached between injection and recombination 
as explained in Section 4.2. When wavelength selective feedback is applied, carriers in states at 
and above the energy corresponding to this wavelength are available for gain. Carriers in lower 
energy states are only weakly affected. As carriers at the lasing wavelength are removed from 
the bands by the stimulated emission, others scatter down into the vacated states from higher 
energies. This intraband relaxation time is faster than the spontaneous emission lifetime hence
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the reduction in spontaneous emission at wavelengths shorter than the lasing wavelength. 
Carrier dynamics within quantum well structures are currently the subject of much interest 
worldwide but will not be investigated in this thesis.
4.6 Conclusions
The history of grating external cavity semiconductor lasers has followed closely the 
development of the discrete lasers themselves. Devices from each new generation of lasers 
were placed in an external cavity for two distinct reasons:
(i) to study fundamental electronic and optical properties of semiconductor lasers such as 
bandfilling;
(ii) to exploit these properties for potential use in practical applications and hence for 
commercial purposes.
Today, these devices are used in such diverse applications as spectroscopy and 
telecommunications systems.
This chapter has described the design and study of an InGaAsP/InP MQW external cavity laser 
operating at around 1300 nm. A tuning range of 162 nm from 1.255 jam to 1.417 jam was 
demonstrated. A peak output power of 40 mW was measured at a wavelength of 1.336 jam 
with side mode suppression ratio of over 40 dB. Although this device was developed for the 
specific application as a tunable source for coherent optical communications systems, laser 
chips have subsequently been supplied to researchers at Oxford University for use in their 
experimental work in solid state physics.
Semiconductor lasers grown on GaAs and InP substrates have exhibited laser emission over a 
wide wavelength range from 450 nm [35] to 2 jam [36]. In the future, semiconductor-based 
external cavity devices may replace gas and dye lasers as highly efficient, widely tunable, high 
ouptut power and narrow linewidth coherent optical sources.
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Lasers
Chapter 5: The 'Gain Lever' Effect in InGaAsP/InP Multiple Quantum Well
5.1 Introduction
Advances in high-speed lasers have made possible the use of optical transport within 
microwave transmission systems and radio links [1-5]. There are many advantages in using 
fibre-optics for the transmission of microwaves. Optical fibres cost less than equivalent copper 
waveguides. They also exhibit lower loss. Ultimately, power amplifiers may not be required 
and equipment may be remotely sited. Optoelectronic devices also possess many of the 
characteristics required for use in microwave systems, such as wide electrical modulation 
bandwidths. A basic link topology using a directly modulated laser is shown schematically in 
figure 5.1.
BIAS OPTICAL BIAS
RF in ___ i___ FIBRE _____i-------
IMPEDANCE LASER DETECTOR IMPEDANCE
MATCH MATCH
RF out
Figure 5.1: Block digram of fibre-optic link using directly modulated laser.
As optical fibre is exploited in microwave systems, a significant limitation to performance is the 
efficiency of RF to modulated light conversion [1]. Typical values for end to end RF loss are 
in the range 20 dB to 30 dB due principally to the efficiency of RF-light conversion. Therefore, 
additional electrical amplification may be required at both transmitter and receiver to overcome 
the loss and boost the signal-to-noise ratio (SNR) for weak signals. Clearly, reducing the link 
loss is the key to the greater penetration of fibre optic RF and microwave systems.
Recently, the 'gain-lever' effect, described in section 5.2.2, has been used in two-contact 
GaAlAs/GaAs single quantum well semiconductor lasers to demonstrate substantially enhanced
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amplitude modulation (AM) efficiency [6,7] with only a marginal increase in relative intensity 
noise (RIN) [8]. An enhancement in the FM response with no corresponding increase in FM  
noise was also seen [9]. A single frequency tuning range of 90 A was observed in another 
configuration [10], Further work has been earned out to study these characteristics in more 
detail [11-13] and to investigate potential systems applications [14]. Similar work on InP- 
based MQW lasers has also demonstrated enhancements in the AM efficiency and an 
improvement in the SNR [15].
In this chapter, a comprehensive study of the gain-lever effect in two-contact InGaAsP/InP 
multiple quantum well (MQW) lasers with emission wavelengths compatible with the 
X=1.5 Jim low loss window in silica fibres is described. All measurements and calculations 
were carried out at -9 0 0  MHz since this frequency is typical of that in mobile communications 
systems applications. The background theory required for this chapter is presented in section 
5.2. Measurements of the AM enhancement in both MQW and bulk active region lasers having 
a range of lengths and split ratios in the top contact have been carried out and are presented in 
section 5.3. In addition, the relative intensity noise (RIN) has also been measured to determine 
the influence of the gain-lever effect on the signal-to-noise ratio (SNR). Lastly, intermodulation 
distortion and intermodulation-free dynamic range (IMFDR) have been measured and 
compared with calculations from a harmonic balance model described in section 5.4. Finally, 
this chapter concludes with a summary of both the experimental and numerical work.
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5.2 Background Theory
5.2.1 Analogue Optical systems
For a directly modulated analogue optical system with resistive matching, the end to end 
fraction of R F power transmitted through the system is given by [1]:
G =  C2 riL2 to2 'nd2 (5.1)
where C is the laser-fibre coupling loss, til is the laser slope efficiency, to is the optical fibre 
loss due to attenuation and splitting and T]d is the efficiency of the photodiode. In addition, the 
noise figure for the link is also influenced by G [1]:
NF =  10 log [  2 +  (is„2 +  irin2) ]  (5.2)
CO (0
(a) (b)
Figure 5 2 :  (a) Input an d  (b) output R F  spectra of system demonstrating third order 
intermodulation distortion.
where k is Boltzmann's constant, T is the absolute temperature and isn2 and inn2 arc the mean 
square shot and relative intensity noise (RIN) currents, respectively. Equation (5.2) shows that
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if a method of increasing G is employed which involves the laser by attempting to increasing its 
slope efficiency, T|l , then there must not be a corresponding increase in RIN.
When two RF signals with closely spaced angular frequencies ©i and ©2 are input to a system 
containing a narrowband nonlinear device such as a semiconductor laser then third order 
intermodulation products at frequencies 2© i-© 2 and 2© 2-© i may become significant 
(Figure 5.2). At low input power levels, the output power at the fundamental frequency is 
directly proportional to the amplitude of the input signal while the intermodulation power is 
directly proportional to the cube of the input amplitude. This result is derived in Appendix C. 
The extrapolated intersection of these values is known as the "third order intercept" (TOI).
Figure 5.3: Theoretical link performance showing intermodulation-free dynamic range.
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The transfer function of a semiconductor laser, i.e. equation C.l in Appendix C, is the light- 
current characteristic of the device. An input small-signal rf modulation superimposed on the dc 
bias above threshold (8lrf « Iq) will modulate the output power of the laser around this dc 
point. Two closely spaced input rf signals can result in intermodulation distortion and traces 
like figure 5.2(b) may be observed experimentally. The rf output power of these 3rd order 
intermodulation products is found to be proportional to the cube of the input rf power as stated 
above and derived in the Appendix.
The "intermodulation-free dynamic range" (IMFDR) is the signal-to-noise ratio at the point it is 
equal to the signal-to-intermodulation power and thus constitutes the maximum achievable 
dynamic range. Figure 5.3 depicts the RF transfer curves of an arbitrary system showing both 
the TOI and IMFDR. In an optical system TOI is strongly dependent on laser output power. 
However, for the purpose of comparing device performance, a simple mathematical 
relationship between TOI and IMFDR exists for different devices operating at the same output 
power:
(IMFDR1/IMFDR2) =  (TOI1/TOI2)2/3 (5.3)
This result is derived in Appendix C. Therefore, the TOI at a fixed laser output is used as a 
figure of merit for comparing intermodulation-free dynamic ranges of lasers which may have 
different modulation efficiencies.
5.2.2 The 'Gain Lever' Effect
Gain lever is an effect that utilises the sublinear nature of the quantum well gain-current density 
characteristic to achieve improved amplitude modulation (AM) and frequency modulation (FM) 
efficiencies as well as broad wavelength tunability. To understand the gain lever effect, 
consider a two-contact quantum well laser (figure 5.4). When the device is above threshold,
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the sum of the optical gain of the sections is clamped at a constant value equal to the cavity 
loss. If one section increases in optical gain by, for example, injection of extra electrons, then 
the other section must automatically reduce its gain by the same amount by removing electrons. 
If each section is pumped by a constant current source, then the extra electrons cannot be 
removed electrically but will be removed optically through the emission of photons. Thus 
according to figure 5.4, when the sections are biased as shown, a small modulation applied to 
section a will result in a large modulation in the optical output by the ’levering effect’.
Figure 5.4: Schematic diagram of split-contact quantum well laser with gain versus carrier 
density curve showing bias points for both sections.
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5.2.3 Gain in Bulk and MQW lasers
The 'gain lever' effect is based on the nonlinear relationship between optical gain and injection 
current. It was calculated in chapter 1 that for a quantum well, the nonlinear relationship 
between the material gain per well gw and current density per well Jw can be approximated by:
gw(Jw) =  G0( l + l n ( J w/ J 0)) (5.4)
where G0 and J0 are constants which depend on such parameters as well width, well 
composition and doping. A schematic diagram of a split-contact quantum well laser with the 
nonlinear gain versus current density curve is shown in figure 5.4.
Current Density (A cm’2)
Figure 5 5 :  Calculated material gain versus current density for bulk active region laser showing 
pe a k  value a n d  at fixed wavelengths.
Although the gain lever effect is primarily associated with quantum well lasers, some degree of 
leverage may be expected even in bulk devices. While the p e a k  optical gain in bulk active
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region lasers is conventionally approximated by a linear relationship above the transparency 
point (chapter 1), this is not the case for a fixed emission wavelength for which the gain- 
current density relation becomes sublinear as shown in figure 5.5. The peak gain in this figure 
is as calculated in chapter 1 for bulk material with a bandgap corresponding to a wavelength of
1.55 pm. The same calculation was carried out at the fixed wavelengths shown and resulted in 
nonlinear plots. As with quantum wells, this is due to saturation of the available states at that 
particular energy as the injected current density increases as a consequence of momentum 
conservation. Therefore, under the appropriate operating conditions, the gain-current density 
nonlinearity can exist in bulk active region lasers as well as in MQWs.
5.2.4 Estimate of Gain-Current Density Relation for InGaAsP/InP MQW 
Lasers
In order to estimate experimentally the coefficients G0 and JQ in equation (5.4), the threshold 
current densities of conventional MQW lasers have been measured. As shown in Chapter 1, the 
total net optical gain, Gnet» is related to G0 and J0 by [16]:
G„et -  NwrwG0(l + ln(Jtot / NWJ0)) (5.5)
where Nw is the number of wells, Tw is the optical confinement factor per well and Jtot is the 
total injected current density. At the lasing threshold, Gnet m&y be equated to the total optical 
losses:
Gnetdth) =  (l/2L)ln(l/R iR 2) +  cq (5.6)
where L  is the cavity length, Ri and R2 are the facet reflectivities and cq is the internal cavity 
loss. Equations (5.5) and (5.6) may be used to determine G0 and J0 per well in structures with 
arbitrary numbers of quantum wells. Previous analyses of experimental data have assumed that
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the internal loss is independent of well number and oq has been used as a fit parameter 
[17,18]. In practice, however, it is found experimentally that devices with different numbers 
of quantum wells tend to have differing values of internal loss.
InGaAsP/InP buried heterostructure (BH) lasers operating at 1.55 jam with 2-24 quantum 
wells in the active region have been studied to estimate the values of G0 and J0. Values of oq 
were determined for each set of devices from the length dependence of external differential 
efficiency near threshold by the method of Appendix B. These were in the range 6 cm-1 to 
33 cm-1. For each laser, the total net threshold gain was determined using equation (5.6).
G(J) = 6.1 *(1 + ln(J/320))
■ 2 wells
• 4 wells
▲ 9 wells
♦ 16 wells
□ 16 wells
o 24 wells
per well (A cm'2)
Figure 5.6: Net optical gain per well versus threshold current density per well for buried 
heterostructure lasers with 2-24 quantum wells.
In Figure 5.6 the net gain per well against the threshold current density per well for BH lasers 
with 2-24 quantum wells is plotted. The remarkable feature is that despite the various device 
structures, all points lie on the same curve within experimental error. Values of 
r wG0=6.1 cm-l per well and Jo=320 A cm-2 per well for 80 A lattice-matched InGaAs MQWs
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with InGaAsP (Ag=1.3 |im) barriers are obtained. The value of TWG0 is lower and J0 is higher 
than measured by Greene et al [18] and recalculated in [19] from broad area lasers with 
similar active region structures. This is probably due to thermal effects since CW threshold 
current densities have been studied here compared to pulsed measurements in the case of 
Greene et al [18].
Figure 5.6 addresses some of the points raised in the discussion at the end of chapter 3. Zhao 
et al [20] have calculated that the transparency current density in MQW structures does not 
scale with the number of quantum wells. This is in apparent contradiction to the results shown 
in this plot in which the normalised data lie on the same curve. Differences in transparency 
current density per well may be hidden in the scatter of the data. Uomi et al [21] have claimed 
that for lasers with more than 10 wells, there is poor injection efficiency of heavy holes into 
each well. It has been demonstrated experimentally here that rwG0 per well and J0 per well are 
the same for devices with 2-24 wells. There are two possible reasons for this:
(i) carriers are scattered evenly and each well is independently contributing an equal amount of 
optical gain;
(ii) carriers are inhomogeneously scattered but the average gain from each well in each device is 
the same to within the scatter of the experimental data.
There is no way of determining which of these two explanations is correct from this 
experimental data.
5.2.5 Small Signal Amplitude Modulation Response of a Semiconductor Laser
The response of a semiconductor laser to a small signal modulation in the dc bias current was 
calculated in Chapter 3 and defined as a function of the modulation frequency in equation 
(3.12). A schematic plot of this function, normalised to the low frequency response, is the
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thick line shown in figure 5.7. At low modulation frequencies, the AM modulation efficiency is 
constant since the bias of the device is being perturbed around the bias point on its static light- 
current characteristic. The modulation reponse rises to a peak at around the resonant frequency, 
the width of this peak being determined by the damping. Beyond this, there is a constant roll­
off in the response.
Frequency (ca/cor)
Figure 5.7: Schematic plots of the small-signal modulation response of a  semiconductor laser.
T h e  thick a n d  thin lines represent the s a m e  laser in single-contact a n d  gain-lever 
configurations respectively. Note the log-log scale a n d  the normalisation of the 
data.
Also schematically plotted in figure 5.7, as the thin line, is the AM efficiency of the same laser 
in the gain-lever configuration. A relative modulation efficiency, rj, can be defined as the ratio 
of the split-contact to single-contact responses. It can be seen from this figure that experimental 
measurements should be taken at frequencies lower than the resonant frequency to avoid 
spurious non-linear effects caused by the damped response.
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5.2.6 Modulation Response of Two-Contact MQW Lasers
A schematic diagram of a two contact MQW gain lever laser is shown in figure 5.4. Also 
shown is the gain versus carrier density characteristic. The modulation performance of this 
device can described by three rate equations [7] which are, using the same notation of 
chapter 3 and figure 5.4:
dS
dt
=  frvgga(i-h) + rvggbh - © s  + 5 toi5 ffi ( 5 .7 )^  T X v g&D11 T
-T v g g aS  (5 .8 )
^ = ^ - ? ' rvggbS ( 5 9 )
d N a _ N a
dt qya" xa
By carrying out a similar small-signal analysis to that of Chapter 3, the relative modulation 
efficiency at frequencies below the resonance frequency can be obtained from:
_ Bgain lever _ S/Sla  ______Tb______ ~ jqs
Bnonnal S/8lalh=0 (l-h)rbW +  (M Vk)Q
where:
r a,b=rvggna,bS+5A - ^ J  (5.n)
w = ga( i - h t + g b h (5 -12)
Q = ga( i - h % g bh <5 -13)
k  =  £ »  (5 .1 4 )
gnb
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where ga and gb are evaluated at the dc bias currents Ia and lb. The quantities W and Q are 
related by:
Q = [l-(l-h )W ]/h (5.15)
This modulation efficiency Tj is normalised to that of a uniformly pumped device. To gain 
further insight into the gain lever effect, consider cases near h =  1. Equation (5.10) is 
simplified to:
where r a,b are defined above and gna,b are the differential gains in the two sections 
respectively.
Equations (5.11) and (5.16) show that the carrier recombination lifetime in each section can 
influence the magnitude of the gain lever effect. The lifetime has a dependency on the carrier 
density and therefore will change with device operating point. Thus a large value of tj can be 
obtained even with a differential gain ratio of around 1 due to a large ratio of recombination 
lifetimes. A nonlinear gain-current density characteristic is therefore not essential as long as the 
lifetime in section b of the laser can be greatly reduced compared to that in section a. The 
lifetime in bulk active region InGaAsP lasers operating at 1.55 pm is not a strong function of 
carrier density, varying by less than a factor of two in the range n=1017 cm-3 to n =5xl018 cm'3 
[22], thus impying Ta « IV  However, selectively doping a section of the laser with zinc, 
which acts as a centre for nonradiative recombination, can reduce the electron lifetime [23]. 
Quantum well lasers offer a simple means of achieving the same effect due to their intrinsic 
nonlinear gain.
x\ ~  ^b  §na 
Snb
(5.16)
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At low optical power, the carrier recombination lifetime dominates and Ta =  TV Thus, the 
enhancement in AM response for the modulation applied to the short section is proportional to 
the ratio of the differential gain in each section. To operate the laser as a gain lever, the longer 
section of the laser is biased at a high gain level while the shorter section is biased at low gain. 
Therefore, the device operating point, determined by the length of each section and number of 
quantum wells, should be chosen to give as high a differential gain ratio as possible.
At high optical power, the stimulated lifetime dominates and Tb/Ta ~  1/k, i.e. rj —> 1. The 
stimulated lifetime of the modulation section is short because of a high differential gain. 
Because of a shorter stimulated lifetime in the modulation section, a larger modulation current 
is needed to produce the same amount of modulation in the electron density, thus reducing the 
effectiveness of the levering effect At a sufficiently high optical power, the levering effect may 
be completely neutralised and the modulation efficiency may be no different from that of a 
single-contact laser. This implies a limited modulation bandwidth for gain lever lasers.
5.3 Experimental Results
5.3.1 Amplitude Modulation Efficiency
Table 5.1 lists the lasers whose AM enhancement has been studied. All were buried 
heterostructure FP devices. The active regions of the bulk and MQW lasers are described in 
Appendix A in sections A.3.1 and A .3 5  respectively. A 10 pm to 20 pm split was made in the 
top contact of each device. Resistance between contacts was measured at over 60012 for each 
laser. The devices listed in Table 1 with split ratios of 1:8 are the same 8:1 split lasers measured 
in the 'inverse' gain-lever mode [12] i.e. sections a and b reversed.
The small signal AM responses of the lasers were measured using an HP8753 network 
analyser at 900 MHz. For speed and simplicity, no impedance-matching to 50 12 was carried
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out for any of the experimental measurements. The output from the sample lasers was focussed 
onto a p-i-n photodiode through necessary optical isolation and attenuation.
Laser Active Type Length (pm) Split Ratio Max. AM enhancement
at 5 mW. (dB)
A MQW 500 8:1 12.4
B Bulk 500 8:1 3.2
C MQW 500 1:8 0 .6
D MQW 500 1:1 3 .0
E Bulk 500 1:1 7 .0  |
F MQW 1000 8:1 10.0 j
G MQW 1000 1:8 L 4
H MQW 1000 1:1 8.4
Table 5.1: Description of lasers measured
When devices were being measured in the split-contact configuration, the RF signal was 
superimposed onto the DC bias through the modulation section, Ia, as in figure 5.4. Light- 
current and AM response-current measurements were taken for a range of values of DC current 
Ia. Ib was ramped up then down to characterise bistability and hysteresis effects. For shorted 
contact devices, the injection current through the entire chip was modulated.
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The network analyser is internally impedance-matched to an external load of 50 12. A 
semiconductor laser above threshold has a much lower resistance of only a few ohms resulting 
in a large impedance mismatch in the experimental set up. Since the total impedance is about 
half the expected value, i.e. - 5 0  12 instead of 100 12, the modulation voltage should be 
reduced by approximately a factor of two for the analyser to output the correct rf power. Hence 
the desired rf power modulating the laser was incorrect by about a factor of 4 (6 dB) since 
power is proportional to the square of the voltage. Since the network analyser measured the 
ratio of rf output power to rf input power of each gain lever laser, up to 6 dB may be added to 
the AM enhancement due to the impedance mismatch.
E
IS.
3CL
3O
Increasing Ir
0 mA - 10 mA
lb (mA)
Figure 5.8: Measured static light-current characteristics for device A.
Figure 5.8 shows the measured light-current characteristics for device A. Ia was varied from 
0 mA to 10 mA. A small hysteresis loop is evident for Ia= 0  mA. These static characteristics 
reveal some details relevant to the modulation properties. When modulating Ia, the laser is 
effectively moving from one plot to another at constant lb- These plots are furthest apart just 
above threshold for low Ia. Therefore, in this region of operation, the magnitude of the AM
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response will be greatest. However, the distances between plots are also asymmetric on the 
vertical scale. This indicates distortion will be associated with the transmitted signal at this bias.
■a (mA)
Figure 5.9 Contour plot of small signal A M  enhancement for device A. T h e  units of the 
contours are A M  enhancement in d B  of the split-contact over the shorted-contact 
case.
By analysing the data from the light-current and small signal AM response-current 
measurements, and comparing with data for the same device with the contacts shorted, the low 
frequency (<1 GHz) enhancement in AM efficiency can be calculated. Figure 5.9 is a contour 
plot of the AM efficiency enhancement of device A for values of Ia and lb. Data for split and 
shorted contact configurations have been compared at the same facet output power so that the 
shot noise, which is proportional to the output power, was equal for each enhancement 
calculation. Equations (5.1) and (5.2) show that this is an important consideration when 
assessing the potential of gain lever lasers for practical use.
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As expected from figure 5.8, the maximum AM enhancement over the shorted contact laser of 
around 15 dB occurs closest to Ia~0  mA. The blank area at the bottom of figure 5.9 is when the 
two-contact laser is below threshold, while the other blank area at the top right comer is the 
region where the light output power emitted is greater than for the single-contact case and 
therefore no comparision can be made.
The data in figure 5.9 is replotted in figure 5.10 in terms of AM enhancement versus the 
current in the modulated short section Ia at a constant output power of 5 mW. As expected, the 
enhancement is a strong function of the bias current Ia. At 5 mW output power, an 
enhancement of >12  dB compared to uniform modulation is seen at Ia= 0  mA falling to zero 
enhancement at the point where the two currents in the split-contact device approximately match 
those in the two sections when the contacts are shorted. It is also interesting to note that at 
larger values of Ia, the AM response is actually worse than that of the shorted contact laser. The 
impedance of the modulated section varies strongly with Ia. With proper impedance matching, 
the AM enhancement could be up to 6 dB higher for Ia= 0  mA than plotted in figure 5.9.
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Figure 5.10: A M  enhancement at 5  m W  output p o w e r  of M Q W  a n d  bulk active region gain- 
lever lasers.
Device A - MQW 
Device B - bulk
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Also plotted in figure 5.10 are data from an identical analysis of device B which is a bulk active 
region laser of similar length and split ratio. A small enhancement of the AM efficiency of 
around 3 dB is observed in the bulk device, although this improvement is about 10 dB less 
than in the MQW laser. Clearly, there are many different parameters being changed when 
comparing the results from bulk and MQW devices here. Nevertheless, the results plotted in 
figure 5.10 show that considerable benefits can be gained by exploiting the gain lever effect in 
MQW lasers.
Device A - normal 
Device C - inverse
la (mA)
Figure 5.11: A M  enhancement at 5  m W  output p o w e r  of M Q W  active region gain-lever lasers 
operated in 'normal ' a n d  *inverse'  mode.
The AM efficiency from device C, which was operated in the ’inverse' gain-lever mode, that is 
with the longer section modulated, is shown in figure 5.11. This configuration exhibits the 
opposite trend to the standard gain lever. The relatively low measured values of AM 
enhancement are due to the unmodulated section being effectively a small perturbation at the 
end of a single-contact laser. For device D, which has a 1:1 split ratio, the AM enhancement is 
lower than for device A due to a lower differential gain ratio being achieved in the two sections.
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The effect of changing the MQW gain lever length is shown in figure 5.12. Different bias 
points are required in the two devices due to the difference in threshold gain. The shorter gain 
lever exhibits higher AM enhancement due to the greater gain nonlinearity incurred while 
overcoming the increased mirror losses.
Device A - 500 iim 
Device F -1000 flm
I. (mA)
Figure 5.12: A M  enhancement at 5  m W  output p o w e r  of M Q W  active region gain-lever lasers 
of different lengths.
Table 5.1 lists the maximum measured AM enhancement for all the lasers at 5 mW output 
power. This value was arbitrarily chosen since it avoids any effects of being near threshold 
while being at low enough drive current to avoid thermal effects and nonlinearities of the light- 
current characteristics. All devices exhibit some improvement with device A showing the 
greatest enhancement while the 'inverted' gain-levers have the lowest values.
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5.3.2 Signal-to-Noise Ratio
Equation (5.2) shows that an increase in the fraction of RF power transmitted through the 
system, G, should not be at the expense of increased relative intensity noise (RIN). Therefore, 
the RIN in device A which gave the greatest value of AM enhancement was measured. The 
apparatus used was the same as in chapter 3. The measurements showed that at the lowest 
value of Ia, where AM enhancement is greatest, the RIN increased by just 2.5 dB. This is 
consistent with previous work [8].
By combining the measurements described above with those in figure 5.10, the signal-to-noise 
ratio improvement for this gain-levered laser at 900 MHz was calculated at ~5 mW output 
power. These are shown in figure 5.13. An SNR improvement of ~7.5 dB, with a further 6 dB 
possible with impedance matching, was seen for the lowest value of Ia falling to zero at 
Ia=6  mA. A similar enhancement was seen at different power levels as shown in the inset.
la(tr»A)
Figure 5.13: Measure d A M  enhancement, increase in signal-to-noise ratio a n d  degradation in 
T O I  for device A  at 90 0  M H z  at 5  m W  output power.
Inset: S N R  improvement at different output powers.
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5.3.3 Intermodulation Distortion
The intermodulation distortion in device A was measured using two RF synthesisers and an 
H P71200 RF spectrum analyser. The two input signal frequencies were 890 MHz and 
910 MHz. The TOI was calculated using the relation derived in Appendix C:
P(TOI) =  3/2P(signal) - l/2P(intermod) (5.17)
with all values in dBm. Experimental results of degradation in TOI at 5 mW for device A are 
shown in figure 5.13. It can clearly be seen that the TOI is worse for the gain-levered laser for 
all values of Ia. This is so even when the AM response is worse than for the shorted contact 
case.
5.4 Modelling
5.4.1 Acknowledgement
I would like to acknowledge the work of Dr. L.D. Westbrook of BT Laboratories in setting up 
the computer model used to calculate the results described below. Calculations were carried out 
on a commercial microwave nonlinear simulator, a Hewlett-Packard MDS.
5.4.2 Features of the Model
In order to study the gain lever lasers in the frequency domain, calculations were performed 
using a harmonic balance model [24,25] in which the following assumptions were made:
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(i) the quantum wells have one conduction subband,
(ii) the recombination rate is linearly proportional to the carrier density with the carrier lifetime 
in both sections, xa and Tb, chosen to be 1 ns,
(iii) the optical gain is a logarithmic function of current density as in equation (5.4) with the 
values of rwG0 and J0 as measured in section 5.2.4.
Calculations were performed on lasers having the active region structure of device A which is 
described in Appendix A in section A.3.6.
5.4.3 Results of Calculations
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Figure 5.14: Calculated static light current characteristics for device A.
In figure 5.14 the calculated light-current characteristics for device A are shown. These plots 
are very similar to the experimental ones with the exception that the calculated characteristics do
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not take thermal or carrier leakage effects into account. The bistability observed in figure 5.8 is 
evident for the plot of Ia=0 mA.
The calculated AM enhancement variation with Ia at 900 MHz is shown in figure 5.15. An 
identical trend to the experimental results is seen with the maximum enhancement occurring at 
Ia=0  mA. The change in TOI for the split-contact device compared to that with contacts shorted 
is also plotted. A similar trend to the results plotted in figure 5.13 is seen at low Ia but the 
experimental measurements also show an increased degradation in TOI at higher values of Ia. 
This is indicative of an additional nonlinearity. The most likely cause is the curvature of the 
measured light-current characteristics due to carrier leakage which is not taken into account by 
the model.
I, (mA)
Figure 5.15: Calculated A M  enhancement a n d  degradation in T O I  at 5  m W  output p o w e r  as a 
function ofIa.
The calculated degradation in TOI is worst for Ia=0  mA, the bias at which the AM enhancement 
is maximum. This general trend is observed for different values of split ratio [26] and may be
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understood as resulting from the fact that the region of greatest modulation enhancement is also 
the region of greatest change in enhancement, and hence of greatest nonlinearity. Clearly, 
therefore, a trade-off exists between AM enhancement and IMFDR in gain-levered lasers.
5.5 The FM Response of Gain Lever Lasers
The work described in this chapter has not considered the FM response of these gain-lever 
lasers. The FM response of a similar laser to device A has been studied elsewhere [27] and an 
enhancement was observed confirming previously reported work [9]. In addition, this 
enhancement was observed with an accompanying AM suppression. From an applications 
point of view, it is often undesirable for a FM laser to have a large residual AM response since 
the latter introduces an added penalty in the FM demodulation process. Therefore, operation of 
gain lever lasers under the appropriate bias conditions may improve the FM/AM ratio and 
increase their value as transmitters in optical communications systems.
5.6 Summary and Conclusions
The gain-lever effect has been studied in a wide range of MQW and bulk active region two- 
contact lasers. An AM enhancement of over 12 dB at 5 mW output power was exhibited by a 
500 |im long MQW buried heterostructure laser with a top-contact split ratio of 8:1 increasing 
to more than 15 dB just above threshold. This was - 1 0  dB greater than an equivalent bulk 
active region device. The AM enhancements exhibited by gain-levered lasers are strongly 
dependent on device active region structure, length and top-contact split ratio. Trends from 
measured data confirm that the best results are obtained from short MQW lasers with few wells 
and high split ratios. Only a small increase was seen in the RIN in the device which exhibited 
greatest AM enhancement resulting in an overall improvement in SNR of over 7 dB at 5 mW
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output. The enhancements may be further improved by up to 6 dB with proper impedance 
matching.
Experimental measurements of the intermodulation distortion and intermodulation-free dynamic 
range have demonstrated that although gain-levered lasers are attractive for reducing link loss 
and noise figures, reduced noise figure is obtained at expense of dynamic range. Calculations 
using a harmonic balance model confirm this but also indicate that real devices exhibit an 
additional nonlinearity due to thermal and carrier leakage which can increase the distortion at 
high bias levels.
It can be difficult to optimise the structure and operating point of gain-levers for all-round 
performance. However, the static light-current curves shown in figures 5.8 and 5.14 are fairly 
typical with general shape applying to most devices. The best link-loss and noise figures but 
the worst intermodulation-free dynamic ranges are generally obtained close to the point of 
bistability and hysteresis. This work suggests that gain-lever lasers are useful components for 
future RF and microwave analogue systems but require careful control of the operating point
1 5 0
5.7 References
1. Cox, C.H., Betts, G.E. and Johnson, L .M .: "An analytic and experimental comparison 
of direct and external modulation in analog fiber-optic links", IEEE Transactions on 
Microwave Theory and Techniques, 1990 ,38 , pp.501-509
2 . Wake, D., Westbrook, L.D., Walker, N.G. and Smith, L C . : "Microwave and millimitre- 
wave radio fibre", BT Technology Journal, 1 9 9 3 ,11, pp.76-88
3. McGrath, C .J .: "AM lightwave technology", AT&T Technical Journal, 1 9 9 2 ,71, pp.23- 
30
4 . Cox, CH : "Analog fiber-optic links with intrinsic gain", Microwave Journal, 1992, 
pp.90-99
5. Zarem, H . : "Lasers move cellular radio over fiber", Photonics Spectra, 1992, pp.89-92
6. Vahala, K.J. and Newkirk, M .A .: "The optical gain lever: A novel gain mechanism in the 
direct modulation of quantum well semiconductor lasers", Applied Physics Letters, 1989, 
54, pp.2506-2508
7 . Moore, N. and Lau, K .Y .: "Ultrahigh efficiency microwave signal transmission using 
tandem-contact single quantum well GaALAs lasers", Applied Physics Letters, 1989 ,55, 
pp.936-938
8. Gajic, D. and Lau, K .Y .: "Intensity noise in ultrahigh efficiency tandem-contact quantum 
well lasers", Applied Physics Letters, 1990, 57, pp. 1837-1839
9 . Lau, K .Y., "Frequency modulation and linewidth of gain-levered two-section single 
quantum well lasers", Applied Physics Letters, 1990 ,57, pp.2068-2070
10. Lau, K .Y., "Broad wavelength tunability in gain-levered quantum well semiconductor 
lasers", Applied Physics Letters, 1990, 57, pp.2632-2634
11. Lau, K.Y., "Ultrahigh-efficiency optical modulation (>20 W/A) by interferometric 
frequency —> intensity conversion of gain-levered semiconductor lasers", Applied Physics 
Letters, 1991, 58, pp.1715-1717
12. Lau, K .Y., "The 'inverted' gain-levered semiconductor laser - direct modulation with 
enhanced frequency modulation and suppressed intensity modulation", Photonics 
Technology Letters, 1991 ,3 , pp.703-705
13. Lau, K .Y., "Narrow linewidth, continuously tunable semiconductor lasers based on 
quantum well gain lever", Applied Physics Letters, 1991 ,58, pp.2216-2218
14. Lau, K .Y., "Passive microwave fiber-optic links with gain and a very low noise figure", 
Photonics Technology Letters, 1991, 3, pp.557-559
15. Seltzer, C.P., Westbrook, L.D. and Wickes, H .J .: "Improved signal-to-noise ratio in 
gain-levered InGaAsP/InP MQW lasers", Electronics Letters, 1993 ,29, pp.230-231
16. Mcllroy, P.W.A., Kurobe, A. and Uematsu, Y . : "Analysis and application of theoretical 
gain curves to the design of multi-quantum-well lasers", IEEE Journal of Quantum 
Electronics, 1985, Q E-21, pp. 1958-1963
151
17. Whiteaway, J.E.A., Thompson, G.H.B., Greene, P.D. and Glew, R.W. : "Logarithmic 
gain/current-density characteristic of InGaAs/EnGaAlAs/InP multi-quantum-well separate- 
confinement-heterostructure lasers", Electronic Letters, 1991,27, pp.340-342
18. Greene, P.D., Whiteaway, J.E.A ., Henshall, G.D., Glew, R.W., Lowney, C.M., 
Bhumbra, B., and Moule, D .J .: "Optimisation and comparison of InP-based quantum 
well lasers incorporating InGaAlAs and InGaAsP alloys", in Proc. 17th Int. Symp. on 
GaAs and Related Compounds, Inst. Phys. Conf. Ser., vol. 112, pp.555-560, 1990
19. Briggs, A.T.R., Greene, P.D., and Jowett, J .M .: "Gain and threshold characteristics of 
strain-compensated multiple-quantum-well lasers", IEEE Photonics Technology Letters, 
1992, 4, pp.423-425
20. Zhao, B., Chen, T.R. and Yariv, A . : "The extra differential gain enhancement in 
multiple-quantum-well lasers", IEEE Photonics Technology Letters, 1992 ,4 , pp. 124-126
21. Uomi, K., Aoki, M., Tsuchiya, T., Suzuki, M., and Chinone, N. : "Dependence of 
relaxation oscillation frequency and damping K factor on the number of quantum wells in
1.55 pm InGaAsP DFB lasers", IEEE Photonics Technology Letters, 1991 ,3 ,
pp.493-495
22. Sugano, M., Sudo, H., Soda, H., Kusunoki, T. and Ishikawa, H. : "Effects of zinc 
doping in DFB lasers emitting at 1.3 pm and 1.55 pm", Electronics Letters, 1990,26, 
pp.95-96
23. Barnsley, P.E., Wickes, H.J., Wickens, G.E. and Spirit, D.M. : "All-optical clock 
recovery from 5 Gb/s RZ data using a self-pulsating 1.56 pm laser diode", IEEE  
Photonics Technology Letters, 1991, 3, pp.942-945
24. Westbrook, L .D .: "Harmonic balance simulation of laser fields under multitone SCM 
modulation", Electronics Letters, 1992, 28, pp.2245-2247
25. Iezekiel, S., Snowden, C.M. and Howes, M .J .: "Harmonic balance model of a laser 
diode", Electronics Letters, 1989, 25, pp.529-530
26. Westbrook, L.D. and Seltzer, C .P .: "Reduced intermodulation-ffee dynamic range in gain 
lever lasers", Electronics Letters, 1993 ,29 , pp.488-489
27. McDonald, D. and O'Dowd, R .F ,: "‘Inverted’ gain-levered long-wavelength MQW 
optical transmitter with enhanced FM efficiency and suppressed AM", Electronics Letters, 
1994, 30, pp.37-39
1 5 2
Chapter 6: Conclusions and Suggestions for Future Work
6.1 Introduction
Quantum well lasers can exhibit fundamentally different characteristics to conventional bulk 
active region devices. As explained in Chapter 1, this is due to the thickness of the active 
region being comparable to the de Broglie wavelength of the electron in the crystal, <150 A. 
The properties of the electrons and holes are that of a two dimensional system with the density 
of states being step-like instead of parabolic. This results in the form of the optical gain-current 
density characteristic being approximately logarithmic rather than linear. In addition, the 
bandgap of the quantum well is increased compared with bulk semiconductors of the same 
composition.
Further modifications to the laser properties can occur if the quantum well material is 
mismatched or strained with respect to the crystal substrate. The effects on the valence band are 
such that hole effective masses and the polarisation of the gain may be affected.
The effects of quantisation and strain on the physics of InP-based semiconductor lasers were 
studied in Chapters 2 and 3 while their potential in two specific applications were examined in 
detail in Chapters 4 and 5. In this final chapter, the results and conclusions from chapters 2  to 5 
are summarised and suggestions for further work are given.
6.2 The Characteristic Temperature of Lattice-M atched and Strained 
InGaAsP/InP MQW Lasers emitting at 1.55 Jim
A systematic empirical study of the temperature sensitivity of the threshold current of lattice- 
matched and strained MQW InGaAsP/InP lasers emitting at 1.55 pm was carried out in 
Chapter 2. The temperature sensitivity decreased with increasing well number and increasing
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laser cavity length. It was shown in section 2.5.2 that these results may be understood in terms 
of the nonlinear gain-current density relationship of quantum well lasers. It was also 
discovered that ridge waveguide lasers perform better than buried heterostructure devices, facet 
coatings remove the length dependence of the temperature sensitivity and the incorporation of 
strain does not improve matters despite reduced threshold currents. Overall, there was no 
significant improvement compared to bulk active region devices.
Various loss mechanisms were discussed with Auger recombination considered to be the most 
significant in InP-based lasers. Published experimental and theoretical work suggest that 
phonon-assisted Auger recombination may dominate the thermal properties limiting the 
temperature sensitivity of lattice-matched and strained quantum well lasers to almost no better 
than bulk devices [1]. However, there is another body of research which suggests that 
although Auger recombination may be responsible for the absolute value of threshold current, 
the temperature dependence of optical gain dominates the temperature sensitivity [2-4].
Insight as to whether the temperature dependence of Auger recombination or optical gain is the 
dominant mechanism may be obtained by studying the lasers at lower temperatures. Since the 
threshold current will be reduced, the nonradiative current due to Auger recombination will 
decrease as will the gain saturation effects calculated in section 2.5.2. Thermally activated 
nonradiative processes may also be sufficiently 'frozen out'. Studies of the amplified 
spontaneous emission spectra from the laser facet at a range of temperatures have already been 
useful in determining the temperature dependence of Auger recombination which can be 
compared with the temperature sensitivity of threshold current [5 ,6]. Comparison of the 
amplified spontaneous emission efficiency from lattice-matched and compressively strained 
quantum well laser showed an improvement which can be explained in terms of the reduced 
hole effective mass [6].
Further understanding may be obtained by studying the spontaneous emission from a window 
etched along the laser cavity thus removing cavity effects such as gain and FP modes. The
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spontaneous emission can be studied as a function of temperature and injection current to study 
bandfilling. The intensity of this pure spontaneous emission across its entire spectral 
bandwidth can be used as a measure of the radiative efficiency of the laser structure. Relating 
this to injected current may reveal the relative temperature dependencies of radiative and non 
radiative processes thus determining which of these dominates the laser’s temperature 
dependent properties.
6.3 Relative Intensity Noise (RIN) Measurements of Strained Layer Lasers
RIN measurements were earned out on a variety of lattice-matched and strained MQW buried 
heterostructure lasers. Devices with the same number of quantum wells showed no 
improvement but the differential gain was seen to increase by a factor of 1.5 to 2 when 
comparing lasers with the same active volume. The effect of length and well number was 
studied revealing that, as for temperature sensitivity, short devices with few wells exhibit poor 
characteristics due to gain saturation whereas devices with large numbers of quantum wells can 
suffer from carrier transport effects.
Bandwidths of over 40 GHz were predicted by RIN measurements yet the highest electrical 
modulation bandwidth reported is 25 GHz. It is thought that carrier transport effects are the 
reason for this discrepancy as discussed in section 3.2.6. Doping the SCH can overcome some 
of these effects but the incorporation of strain may be used to further help matters. For 
example, tensile strained quantum wells have to be wider than lattice-matched structures to 
maintain a bandgap of 1.55 pm potentially resulting in improved carrier capture into the wells. 
Strained layers can have the same bandgap but different band offsets thus providing a method 
of reducing thermionic emission and 'hole trapping’. Therefore, it may be possible to engineer 
the well and barrier widths and band offsets to utilise the measured increase in differential gain 
and hence optimise the active region for high speed modulation applications.
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The optimum active region structure for high speed lasers may be determined numerically by 
Monte Carlo simulations of the carrier dynamics as commonly used to model in high speed 
electronic devices [7]. The characteristic times for each of the transport processes described in 
section 3.2.6 and depicted in figure 3.4 can be determined by pump-probe measurements or 
from the simulations themselves. Such calculations may iteratively result in a laser with the 
predicted electrical modulation bandwidth or explain the physical reasons why such a device 
may not be realisable.
6.4 An MQW Grating Externa! Cavity Laser Operating at 1.3 pm
Chapter 4 described the design and operation of the first reported MQW grating external cavity 
laser operating in the optical fibre low dispersion window at around 1.3 pm. The design was 
based on previous work carried out at the low loss window at 1.55 pm which had exhibited an 
improvement in tuning range over bulk active devices due to enhanced band filling caused by 
the 2D density of states and a volume effect. Initial results from Fabry-Perot lasers showed 
excellent lasing characteristics with low threshold currents and high output powers. An 
antireflection coating was applied to one facet of a 500 pm chip which was then placed in the 
grating external cavity. A tuning range of 162 nm was exhibited from 1.255 pm to 1.417 pm 
with a peak output power of 40 mW measured at 1.336 pm and side mode suppression ratio of 
over 40 dB.
Commercially, external cavity lasers are used as tunable sources for telecommunications 
applications, spectroscopy and in optical instruments. The principle of operation is that the 
grating is probing the gain of the active region. Thus, this experimental apparatus can be used 
as a tool to probe the gain and the extent of band-filling in a variety of semiconductor lasers of 
different active region structures and cavity lengths. While the amplified spontaneous emission 
from the laser facet can immediately show this, measurements of threshold current versus 
wavelength may also be used to give quantitative assessments.
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Studies of the polarisation dependence of the variation of threshold current with wavelength 
can be used to obtain experimental evidence of the effect of strain on the semiconductor 
bandstructure at energies away from the band edge. Probing the TE and TM gain at 
wavelengths shorter than the bandgap may show the extent of band filling, and hence carrier 
distributions, in both the heavy and light hole valence bands. Thus, the external cavity laser 
provides a straightforward experimental configuration to verify theoretical calculations.
Some of the carrier transport effects in high speed MQW lasers referred to above are caused by 
carriers existing in the SCH and barrier states for finite times before being captured into the 
quantum wells. These effects may become more significant at higher temperatures since, due to 
the narrow step-like density of states, there can be a greater probability of occupation of higher 
energy states than in bulk material. It may be possible to determine the extent of the carrier 
population in these higher energy states for a variety of lattice-matched and strained MQW 
structures by probing the gain at around the barrier bandgap energies.
6.5 The 'Gain Lever' Effect in InGaAsP/InP Multiple Quantum Well Lasers
The gain lever effect exploits the nonlinear gain-current density characteristic in quantum well 
lasers to achieve improved modulation efficiencies in two-contact devices. An amplitude 
modulation efficiency enhancement of over 15 dB compared to a single contact device was 
measured from a 500 jam MQW buried heterostructure laser. This was ~10 dB greater than an 
equivalent bulk active region device. In addition, an improvement in signal-to-noise ratio of 
over 7 dB at 5 mW output power was seen. However, the nonlinearity which causes these 
improvements also increases the distortion so that improved noise figure is obtained at the 
expense of dynamic range. Calculations from a harmonic balance model confirm the 
experimental trends.
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Only one quantum well active region structure was studied experimentally and numerically. 
Additionally, modelling of lasers having active regions with different numbers of lattice- 
matched or strained quantum wells as well as having different cavity lengths, facet coatings or 
top-contact split ratio can be carried out to determine whether further enhancements in AM  
efficiency may be expected.
Alternative bias conditions to those described in section 5.2.2 for high AM efficiency may be 
obtained in a laser structure with two quantum confined states in the conduction band. The 
longer section should be biased in the gain saturation regime of the n=l state while the injection 
current to the shorter section should correspond to the point where the n=2 state is just 
beginning to be occupied with electrons. There will be a high differential gain ratio between the 
two sections resulting in, potentially, an improved AM efficiency compared to a device with all 
electron recombination involving the n=l state which was the case for the MQW lasers studied 
in chapter 5.
The dc characteristics of GaAs-based quantum well lasers with two conduction band states 
have been studied experimentally. Spectral and T0 measurements were interpreted as these
lasers exhibiting an increase in differential gain as the n=2 state became occupied [8]. An
analogous InP-based laser structure with two confined conduction band states can be designed 
and the gain-current density characteristic calculated. Its dynamic properties in the gain lever 
configuration can then be modelled. If an improvement over the devices studied in chapter 5 is 
predicted then this laser should be fabricated and assessed.
6.6 The Future - Quantum Wires and Boxes
While this thesis has been concerned with 2-dimensional quantum wells, further improvements 
in the properties of semiconductor lasers are predicted if the dimensionality of the active region 
is further reduced to produce 1-dimensional quantum wires and ultimately O-dimensional
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quantum boxes (also called quantum dots). The densities of states for these structures are 
shown schematically in figure 6.1 [9]. In comparing these with figure 1.5, which depicts the 
densities of states for bulk material and quantum wells, it is evident that there may be some 
fundamental differences in device physics. Quantum wire and box semiconductor lasers are 
predicted to exhibit extremely low threshold currents [1 0 ,1 1 ], higher electrical modulation 
bandwidth, narrower spectral linewidth [12] and reduced temperature sensitivity [13] 
compared to quantum well devices. A review of the physics and technology of lower 
dimensional quantum-confined structures is presented in reference 9.
P(e) P(e)
(a) (b)
Figure 6.1: Schematic representation of the density of states for (a) quantum wire
(b) q u a ntu m box.
The fabrication of quantum wire and box semiconductor heterostructures of high optical quality 
is still a major technological challenge. If this hurdle can be overcome then devices which 
perform better than existing structures and which display an array of new physical 
characteristics can be expected. This will have important implications not only for the design of 
optical telecommunications systems but for any application which utilises semiconductor 
technology such as computing, switching, displays and storage.
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Appendix A: Epitaxy and Laser Fabrication
A.1 Introduction
In this appendix, the epitaxial growth and fabrication of the various active region and laser 
structures studied in this thesis are described.
A.2 Epitaxy
All crystal growth of the lasers studied in this thesis was carried out at BT Laboratories and 
was performed by atmospheric pressure metalorganic vapour phase epitaxy (MOYPE) in 
horizontal reactors. The epitaxial layers were grown on commercial 2-inch diameter InP n- 
doped substrates. The metal alkyls TMIn and TMGa.TEP were the group III sources and 
arsine and phosphine were the group V precursors. DMZn and H2S provided the p- and n- 
type dopants respectively. A complete description of the epitaxy technology developed at BT  
Laboratories can be found in references 1 - 4 .
A.3 Active Region Structrues 
A.3.1 Bulk
Laver Puroose Thickness Bandgap Doping (cm-3)
InP Cladding p ~ 5 x l0 17
InGaAsP Active 0.15 Jim 1.55 Jim undoped
InP Cladding n ~ 2 x l0 18
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A.3.2 Lattice-matched quantum wells
Laver Purpose Thickness Bandsap
InP Cladding
InGaAsP SCH * 1.3 pm
n x InGaAs well 80 A 1.67 pmt
(n-1) x InGaAsP barrier ioo A 1.3 pm
InGaAsP SCH * 1.3 pm
InP Cladding
A.3.3 Conventionally Strained Quantum Wells
Laver Purpose Thickness S train tt Bandgap
InP Cladding
InGaAsP SCH 150 A 1.3 pm
16 x InGaAs well 25 A +1.2% 1.67 pmt
15 x InGaAsP barrier 150 A zero 1.3 pm
InGaAsP SCH 150 A 1.3 pm
InP Cladding
Doping (cm-3) 
p -5x1017 
undoped 
undoped 
undoped 
undoped 
n-2xl018
Doping (cm-3) 
p -5x1017 
undoped 
undoped 
undoped 
undoped 
n ~2xl018
A.3.3 Zero-Net-Strain Quantum Wells
Laver Purpose Thickness Straintt BandgaD
InP Cladding
InGaAsP SCH 150 1.3 pm
16 x InGaAs well 25 A +1.2% 1.67 quit
15 x InGaAsP barrier 150 A -0.23 % 1.3 pm
InGaAsP SCH 150 A 1.3 pm
InP Cladding
Doping (cm-3) 
p -5xl017 
undoped 
undoped 
undoped 
undoped 
n ~2xl018
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A.3.4 Strained Quaternary Wells
For the 4-well structure:
Laver Purpose Thickness Straintt Bandgap Doping ('em-3)
InP Cladding p ~5xl017
InGaAsP SCH 500A 1.3 pm undoped
4 x InGaAsP well 70 A +1 % 1.65 pmt undoped
3 x InGaAsP barrier 140 A zero 1.3 Jim undoped
InGaAsP SCH 500 A 1.3 fim undoped
InP Cladding n ~2xl018
For the 8-well and 16-well structures:
Laver Purpose Thickness Straintt Bandeap Doping (enr3)
InP Cladding p ~5xl0U
InGaAsP SCH * 1.3 pm undoped
n x InGaAsP well 70 A +1 % 1.65 pmt undoped
(n-1) x InGaAsP barrier 140 A -0.5 % 1.3 pm undoped
InGaAsP SCH * 1.3 pm undoped
InP Cladding n -2xl018
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A.3.5 GRINSCH MQW Laser Used to Study the 'Gain Lever' Effect
Laver Puroose Thickness BaffitoP. Doping (cm"3)
InP Cladding p -5x1017
InGaAsP GRINSCH 300 A 1.0 pm undoped
InGaAsP GRINSCH 300 A 1.1 jam undoped
InGaAsP GRINSCH 300 A 1.2 jam undoped
InGaAsP GRINSCH 300 A 1.3 jam undoped
4 x InGaAs well 80 A 1.67 pmt undoped
3 x InGaAsP barrier ioo A 1.3 jam undoped
InGaAsP GRINSCH 300 A 1.3 pm undoped
InGaAsP GRINSCH 300 A 1.2 pm undoped
InGaAsP GRINSCH 300 A 1.1 pm undoped
InGaAsP GRINSCH 300 A 1.0 pm undoped
InP Cladding n-2x1018
A.3.6 Notes on Active Structure Data
* The width of the SCH was varied to maximise the optical confinement factor, 
t This is the bulk bandgap of the quantum well material. The well bandgap is -1.55 (am. 
tf + Compressive strain, - Tensile strain.
A.4 Laser Fabrication 
A.4.1 Broad Area Lasers
Broad area lasers are the simplest device structures to fabricate. Top p-type InP and InGaAs 
contact layers are grown on the initial active region structures. Metallisation is then deposited
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on both sides and the wafer is cleaved and scribed into chips of various lengths. The laser 
active regions are described in the appropriate places within the chapters.
The broad area devices studied in this thesis were typically 100 pm in width. A schematic 
diagram of such a device is shown in Figure A.I. Although broad area lasers have no 
practical uses due to the lack of optical mode control, they are ideal for studying general laser 
characteristics such as threshold current density.
0.15 pm 
1.5 pm
90 pm
Figure A.l: Schematic diagram of the cross-section of a  broad area laser
A.4.2 Index Guided Lasers
Lateral mode control can be achieved in semiconductor lasers by index guiding along the 
plane of the active region. This mode control is necessary for improving the light-current 
linearity, the coupling of light into an optical fibre and the modulation response of the lasers. 
As a result, the threshold current is greatly reduced compared to broad area devices. The two 
types of index guided lasers studied were ridge waveguide and buried heterostructure 
devices. These can also be categorised as weakly and strongly index guided lasers 
respectively.
Contact metal - Ti/Au 
p-InGaAs
p-InP
active region
n-InP
Contact metal - Ti/Au
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A.4.3 Ridge Waveguide Lasers
Ridge waveguide lasers are among the simplest of the index guided lasers. Therefore, they 
are relatively straightforward to fabricate. As for the broad area devices, p-type layers of InP 
and InGaAs are grown on the initial wafer. The ridges are formed by conventional 
photolithography and wet chemical etching. Channels, rather than an isolated ridge, are 
formed for mechanical stability when the lasers are bonded p-side down to diamond 
heatsinks. Typical ridge widths are about 3 pm with a 2 pm contact window opened in the 
dielectric on top of the ridge. A schematic diagram of a typical ridge waveguide laser is 
shown in Figure A.2. Optical mode control is achieved due to the different effective 
refractive index under the ridge than under the channels. Although this difference is very 
small, typically ~1 % and hence the description 'weakly* index guided, it is sufficient to 
support a single lateral optical mode.
p-InGaAs — ►
p-InP
active region
n-InP
Figure A.2: Schematic diagram of the cross-section of a  ridge waveguide laser
A.4.4 Buried Heterostructure Lasers
In these strongly index guided structures, the active region is buried in higher bandgap Gower 
refractive index) layers (e.g. InP) on all sides. For this reason, these devices are called buried
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heterostructure (BH) lasers. BH lasers produced at BT Laboratories are fabricated using three 
stages of epitaxy as shown schematically in Figure A.3. After first stage, the growth of the 
active region, a -2000 A layer of silica (SiC>2) is deposited on the wafer. This is defined into 
stripes by conventional photolithography. A mesa is formed using either wet chemical 
etching or reactive-ion-etching. The silica stripes act as masks for both processes. This results 
in a desired active region width of between 1pm and 1.5 pm. In the second epitaxial stage, 
current-blocking InP layers are selectively grown around the mesa. After removal of the 
dielectric layer, p-InP and p-InGaAs contact layers are successively grown in the final 
epitaxial stage. The InGaAs layer is defined into stripes of -15 pm in width above the active 
region by further deposition of silica, photolithography and etching. Finally, the entire slice is 
covered with silica again and -10 pm 'contact-windows' opened over the InGaAs stripes. 
Contact metals are then deposited on both sides of the slice. A scanning electron micrograph 
of a typical BH laser is shown in Figure 9 of reference 3.
ACTIVE REGION EPITAXY MESA ETCHING
p-doped InP 
n-doped InP
2nd STAGE EPITAXY
n-lnP
p-InP
n-lnP
3rd STAGE EPITAXY
p-InP
n-lnP
p-InP
n-lnP
Figure A.3: Schematic diagram of the fabrication stages of a buried heterostructure laser
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Appendix B: Calculation of Internal Loss from Measured External Efficiency
B .l Calculation
In this calculation, the method of Nash and Hartman [1] is followed since this paper correctly 
defines the parameter r\ defined in equation (B.l).
The external differential quantum efficiency, T|ext> of a semiconductor laser is defined by:
where am and cq are the mirror and internal losses respectively, ij is the fraction of the total 
injected carrier rate converted to stimulated photons above threshold. It is not the internal 
quantum efficiency as incorrectly defined by other authors, see for example [2].
The mirror loss is:
where L is the cavity length and Rj and R2 are the facet reflectivities. If both facet 
reflectivities are equal then:
(B.l)
(B.2)
(B.3)
The internal loss is:
oq — Feta + (l-r)(Xciad (B.4)
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where T  is the optical confinement factor of the active region, aa is the loss in the active 
region and (Xciad is the loss in the cladding.
The total output power, P, above threshold is:
p _  _  (ItupspTjsp +  T|ext (I-Ith)) (B.5)
where ft is Planck's constant over 2n, co is the lasing frequency, e is the electronic charge, Ith 
is the threshold current, psp is the spontaneous emission probability, T]sp is the internal 
spontaneous radiative quantum efficiency and I is the injection current
The quantity determined from light-current characteristics is rim, the measured external 
efficiency per facet:
The factor of 2 appears because power is output from both facets. Thus, there exists a simple 
relationship between T]m which has dimensions of watts per amp and T]ext which is 
dimensionless:
_ ficoIthPspHsp+ 2%, (I-Ith) (B.6)
(B.7)
Rearranging equation (B.l) and substituting equation (B.3) gives:
(B.8)
which is of the form:
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y = mx + c (B.9)
Therefore, by plotting 1/rjext against L, an estimate of the internal loss, cq, can be obtained.
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Appendix C: Derivations for Chapter 5
C.I Derivation of Third Order Intermodulation Products [1]
Consider a component with the following non-linear transfer function:
eG = kiei + k2ej2 + k3ej3 + ... (C. 1)
Now consider an input signal:
ei = A(cos cop + cos C02t) (C.2)
that consists of two equal amplitude sinusoids at two different frequencies coi and gc>2. 
Applying ei to (C.I) yields:
e0 = kiA(cos cop + cos C02t) + k2A2(cos cop + cos C02t)2 + k3A3(cos cop + cos C02t)3 
= k2A2 + k2A2cos(C0i-C02)t + (ki A + |k3A3)coscop + (ki A + |k3 A3)cosC02t
+ |k3A3cos(2coi-co2)t + |k3 A 3cos(2co2-coi )t + k2A2cos(coi+o>2)t
+ ^k2A2cos2cop + 1k2A2cos2co2t + |k3A3cos(2coi+c02)t + -k3A3cos(2<x>2+C0i)t
+ |k3A3cos3cop + ^ k3A3cos3(02t (C.3)
It can be seen from expression (C.3) that the output signal consists of components at dc, the 
fundamental frequencies ©i and C02, the second and third harmonics 2coi, 2co2, 3coi and 3C02, 
the second-order intermodulation products at (0i±C02 (the sum of the coefficients of ©1 and 
C02 is 2) and the third-order intermodulation products at 2coi±(02 and 2co2±coi (the sum of the
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coefficients of ©i and ©2 is 3). In systems with a narrow operating frequency band, all the 
spurious signals at ©1 and ©2 , 2©i, 2©2, 2©i+©2, 2©2+©i, 3©i and 3©2 fall outside the 
passband and can be filtered out by appropriate filters. But all the spurious signals at the 
frequencies 2©i-©2 and 2©2-©i may fall within the passband and can distort the desired 
signal at the fundamental frequency ©1 or ©2.
C.2 Relation Between IMFDR and TOI for Two Lasers at the Same Output Power
Pout
Figure C J :  Theoretical link performance in terms of input, signal, intermodulation a n d  T O I  
powers. Note that both axes have a  linear scale.
The output signal and intermodulation power are proportional to the input power and its cube 
respectively. Thus:
Psignal == aJPinput (C.4)
Pjntermod = b.(Pinput)^  (C.5)
173
By definition, at TOI, Psignal = pintermod> so:
/a3\l/2
toi=(tJ (C.6)
Also by definition, at IMFDR, the received noise, Pn = Pintermod- Substituting equations (C.4) 
and (C.5) gives:
If two devices are compared at the same output power and the principal source of noise is 
assumed to be shot noise, then Pni = Pn2 and:
IMFDR] aib21/3
IMFDR2 ~ a2b]1/3 i ;
where the subscripts 1 and 2 refer to the two lasers. Substituting equation (C.6) into (C.8) 
gives:
IMFDR] /TOIlf/3
IMEDR2 “ [TOI2 J ( )
as the relationship between TOI and IMFDR for different devices operating at the same 
output power.
(C.7)
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C.3 Relation Between TOI, Signal and Intermodulation Powers
Pom (dB)
Figure C 2 :  Theoretical link performance in terms of input, signal, intermodulation a n d  T O I  
po wer s in dB.
Let Ax be the difference between the experimental input power and the input power 
corresponding to P(TOI). Since the slope of the signal transfer characteristic is 1, the 
difference between P(TOI) and P(signal) is also Ax. Since the slope of the intermodulation 
transfer characteristic is 3, the difference between P(TOI) and P(intermod) is 3Ax. Thus:
P(TOI) = P(intermod) + 3Ax = P(signal) + Ax (C. 10)
Hence:
Ax = 1/2 (P(signal) - P(intermod)) (C.I 1)
So:
P(TOI) = 3/2P(signal) - l/2P(intermod) (C.12)
Therefore, if P(signal) and P(intermod) are measured at the same input power, P(TOI) can be 
calculated.
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